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CONSPECTUS: The ability to predict the permeability of fine-grained soils, sediments, and
sedimentary rocks is a fundamental challenge in the geosciences with potentially
transformative implications in subsurface hydrology. In particular, fine-grained sedimentary
rocks (shale, mudstone) constitute about two-thirds of the sedimentary rock mass and play
important roles in three energy technologies: petroleum geology, geologic carbon
sequestration, and radioactive waste management. The problem is a challenging one that
requires understanding the properties of complex natural porous media on several length
scales.

One inherent length scale, referred to hereafter as the mesoscale, is associated with the
assemblages of large grains of quartz, feldspar, and carbonates over distances of tens of
micrometers. Its importance is highlighted by the existence of a threshold in the core scale
mechanical properties and regional scale energy uses of shale formations at a clay content
Xaay ~ 1/3, as predicted by an ideal packing model where a fine-grained clay matrix fills the

gaps between the larger grains. A second important length scale, referred to hereafter as the nanoscale, is associated with the
aggregation and swelling of clay particles (in particular, smectite clay minerals) over distances of tens of nanometers.
Mesoscale phenomena that influence permeability are primarily mechanical and include, for example, the ability of contacts
between large grains to prevent the compaction of the clay matrix. Nanoscale phenomena that influence permeability tend to be
chemomechanical in nature, because they involve strong impacts of aqueous chemistry on clay swelling. The second length scale
remains much less well characterized than the first, because of the inherent challenges associated with the study of strongly
coupled nanoscale phenomena.

Advanced models of the nanoscale properties of fine-grained media rely predominantly on the Derjaguin—Landau—Verwey—
Overbeek (DLVO) theory, a mean field theory of colloidal interactions that accurately predicts clay swelling in a narrow range of
conditions (low salinity, low compaction, Na* counterion). An important feature of clay swelling that is not predicted by these
models is the coexistence, in most conditions of aqueous chemistry and dry bulk density, of two types of pores between parallel
smectite particles: mesopores with a pore width of >3 nm that are controlled by long-range interactions (the osmotic swelling
regime) and nanopores with a pore width <1 nm that are controlled by short-range interactions (the crystalline swelling regime).
Nanogeochemical characterization and simulation techniques, including coarse-grained and all-atom molecular dynamics
simulations, hold significant promise for the development of advanced constitutive relations that predict this coexistence and its
dependence on aqueous chemistry.

1. INTRODUCTION

A core requirement for the implementation of carbon capture
and storage (CCS) as a viable CO, mitigation technology is the
identification of geologic formations that can securely trap

faults.”™> The quality of these models inherently depends on

their ability to reflect fundamental controls on fluid flow.
What fundamental features, then, control the permeability of

fine-grained sedimentary rocks? The answer remains elusive’

supercritical CO, for millennia. Of outsized importance in this
trapping are the primary seals or caprocks: low-permeability
rock formations that overlie storage reservoirs.' At existing
CCS sites, these seals consist predominantly of fine-grained
sedimentary rocks, such as shale or mudstone, the low
permeability of which is well established.” Predictions of
long-term storage security, however, require predictive models of
the sensitivity of permeability to geomechanical and geo-
chemical alteration including in the presence of fractures and
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despite its long-standing importance in groundwater hydrol-
ogy,7 basin modeling,8 petroleum geology,9 and radioactive
waste management10 as well as, in the case of unconsolidated
porous media, in soil science.'!

The absence of a comprehensive answer is illustrated by the

coexistence of three major semiempirical approaches. The first
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approach derives from a very simple conceptual model of
porous rock as a bundle of capillary tubes of equal radius. On
this model, hydraulic permeability, k (m?), follows the

11,12

k= (1/b)R(/7) (1)

where ¢, 7, and R, are the porosity, tortuosity, and hydraulic
radius of the porous medium (ratio of pore volume to pore
surface area) and b & 2—4 is a pore shape factor. Variants of eq
1 obtained by expressing R;, as a function of solid specific
surface area, a,, or average grain radius, ,, or applying the
simplifying assumption ¢p/7> ~ ¢™ (where m = 1.5—2.0 for pure
sand) or both include the well-known Kozeny—Carman
relation:' "'

k=¢°/[br’a(1 - $)’] )
and the Revil—Cathles relation:'*
k= rg2¢3m/3 3)

A simplification of eqs 1—3 widely used in groundwater
hydrology expresses permeability as having a power-law
dependence on porosity:*

I )
where n & 3—15. A notable variant attempts to reconcile the
nonunimodal pore-size distribution of most fine-grained
sedimentary rocks'”"> with the conceptual model used to
derive eq 1 by replacing ¢ in eqs 1—4 with (¢ — ¢.),"*"” where
¢. can be viewed as a critical percolation porosity ® (¢, =
0.02—0.09 for overlapping sphere packs'® and sandstone)."”

The second approach, sometimes applied in basin modeling
and petroleum geology, consists of treating clay content as a
key factor controlling the permeability of sedimentary
2?0723 Several studies have noted that based on an
ideal packing model, the porosity of fine-grained sedimentary
rocks should display a minimum at a clay volume (or, almost
equivalently, mass) fraction X, ~ 1/ 3.22922 guch theoretical
packing models have support in laboratory experiments
investigating confined sand—clay mixtures under stress™ as
well as field wireline logging studies,”® where a system
transition in the elastic properties is observed at roughly X,
~ 1/3. Revil and Cathles'” combined the ideal packing model
with eq 3 to obtain a model with a permeability minimum at
Xy ~ 1/3:

k=k{1-S(1—¢)/¢pT" ifS, < ¢,
k= ke(S)™

~
~

it S, > ¢ ()
where k, ¢, and m; are the permeability, porosity, and
cementation factors of pure sand and clay (i = S or C,
respectively), m is an effective cementation factor for shaly
sand, and S, is the volume fraction of the porous medium
occupied by the microporous clay matrix.

In a related illustration of the importance of clay content,
reconstructions of the distribution of hydrocarbons in subsur-
face reservoirs have shown that the permeability of faults
intersecting fine-grained rock formations is controlled by the
clay content of the fault-filling material, as quantified by proxies
such as the shale gouge ratio (SGR), through parametric
relations such as’
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log k = log ko — 4 X SGR — 0.25 X log(D)
x (1 — SGR)® (6)
oS

log k = log k, — 3.47 X log(SGR) (7)

where D is the fault displacement in meters. Similarly,
parametric models of marine mudstone permeability indicate
that the use of clay content (in addition to porosity) as a model
parameter decreases the uncertainty of predicted k values by
roughly 2 orders of magnitude.”® The fault and mudstone
permeability models noted above display a strong dependence
on clay content, but no evidence of a critical threshold at X, ~
1/3.

The third approach, well established in soil science, follows
from the observation that the permeability of fine-grained soils
can be highly sensitive to the fraction of swelling (smectite)
clay minerals (X,c), the salinity of the pore fluid (C,), and
the fraction of clay negative surface charge balanced by
adsorbed sodium (Ey,). > A representative parametric
model of this effect is the McNeal relation:*"~*’

k= ko[l — ¢f"] (8)

where ¢ and 7 are soil-specific parameters and f is a function
that increases with Ey, and X, .. and decreases with C, in a
manner that reflects the extensive swelling and dispersion of
Na-exchanged smectite at C, < 300 mol, m**° Predictive
understanding of this effect remains limited as illustrated by the
soil-specific nature of ¢, n, and f and by the evidence that
permeability is sensitive to salinity even in the case of clay
minerals other than smectite or exchangeable cations other than
sodium."**"***! In the case of fine-grained sedimentary rocks,
fluid chemistry also influences permeability, but insufficient
data exist to establish the validity of eq 8.7**

Collectively, the models summarized above strongly suggest
that the permeability of fine-grained sedimentary rocks is a
function of at least five parameters (¢, Xy Xomectitr Cor Ena)-
Multiple parametric relations have been proposed with different
underlying mathematical forms, but none accounts for all
relevant parameters. In addition, the relevance of the models
described above in the presence of faults or fractures is not well
established.” In sections 2 and 3, we summarize recent insights
into core- and nanoscale controls on the microstructure of fine-
grained porous media, and we discuss implications for the
development of advanced permeability models.

2. THE CORE SCALE VIEW: MINERALOGICAL
CONTROLS ON THE COMPACTION OF THE CLAY

MATRIX

A key challenge in efforts to construct models of the
permeability of fine-grained sedimentary rocks is the relative
scarcity of experimental data in relation to the parameter space
to be explored (porosity, mineralogy, pore water chemistry).
This scarcity reflects experimental challenges associated with
the study of fine-grained rocks, particularly their lack of
mechanical strength, sensitivity to alteration by mechanical
unloading, drying, and oxidation, nanometer-scale pore size (to
which standard microstructural characterization techniques are
poorly adapted), and permeability values so low that measure-
ments can be highly sensitive to minute artifacts.'**>**
Despite the challenges outlined above, sufficient experimen-
tal data have emerged over the last two decades to draw
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preliminary inferences regarding the impacts of porosity and
mineralogy on permeability. A recent compilation of core scale
measurements of the permeability of intact rocks">*° shows
that X, is a key parameter controlling the permeability of
sedimentary rocks, in agreement with eqs S—7 (Figure 1).
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Figure 1. Core scale permeability of well characterized shale and
mudstone formations (blue squares) and of pure sandstone (yellow
square) as compiled by Bourg,” Light blue squares are rocks for which
Xomectite Was reported and was larger than 0.15. The dashed black line is
a linear regression of permeability data for rocks with X, > 1/3. The
shaded blue region is the mudstone permeability model of Yang and
Aplin® with ¢ = 0.15 to 0.3. The purple lines are regional scale
reconstructions of fault permeability based on known hydrocarbon
distributions in different sedimentary basins”*° plotted under the
assumption that SGR is a reasonable proxy for Xg,,. The inset shows
permeability results obtained with compacted quartz—kaolinite
mixtures.”” Permeability values are either normal to bedding (blue
squares, shaded blue region) or parallel to shearing (red squares,
purples lines).

Variations in Xg,, result in up to 8 orders of magnitude
differences in rock permeability. The permeability of intact
sedimentary rocks is 2 orders of magnitude smaller than that of
faults™** and synthetic quartz—kaolinite mixtures.”> Roughly
one-quarter to one-half of this difference is attributable to the
known permeability anisotropy of fine-grained rocks (the k
values in Figure 1 are normal to bedding for intact rocks, but
parallel to shearing for faults and synthetic quartz—kaolinite
mixtures).

The results compiled in Figure 1 suggest that the regional
scale permeability of faults is broadly analogous to the core
scale permeability of intact rock of same mineralogy. This
finding is consistent with permeability and X-ray computed
tomography (CT) studies of fractured rock cores demonstrat-
ing that clay-rich rocks readily self-seal, at least in some
conditions, through clay aggregation and clogging34 or through
ductile deformation® (Figure 2).

The permeability data in Figure 1 further indicate that the
expected transition between intergranular contacts and clay-
supported geometries at X, &~ 1/3 (Figure 3a) has only a mild
impact on permeability. In particular, it is not associated with a
permeability minimum as predicted by eq 5. This behavior
contrasts with the existence of a clear threshold at X, ~ 1/3 in
the mechanical properties of fine-grained rocks [elastic
properties,””** mechanics of fracture slip,*® mechanical
strength (Figure 3b)].> Overall, the data suggest that the
mesoscale (~10 ym scale) structure of fine-grained rocks exerts
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Figure 2. Evolution of a fracture in clay-rich sedimentary rock
(Opalinus clay, Xaay = 0.60 £ 0.08) while under stress as imaged by X-
ray CT. Panels A and B show ductile evolution of an initially open
fracture (A) and closure after flow of water with dissolved CO, (B),
Images were obtained under in situ conditions of fluid pressure (9.7
MPa) and confining pressure (11.0 MPa). The results are consistent
with the low strength of clay-rich rocks (Figure 3b). Reproduced with
permission from Marco Voltolini.
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Figure 3. (A) Conceptual model of the mesoscale structure of
sedimentary rocks as an assemblage of large grains (%ray), macropores
(white), and fine-grained clay matrix (black).>'**>** Clay mineral
mass fraction (Xday) increases from left to right. Simple geometric
calculations indicate that the clay matrix is the load bearing phase if
Xy 2 034 £ 0.10. (B) Core scale measurements of unconfined
compressive strength as a function of X, from the same compilation
as in Figure 1.

a strong influence on their mechanical properties, but less
influence on the permeability of intact rock samples.

Porosity plays an important secondary role in determining
the permeability of fine-grained sedimentary rocks. However,
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permeability does not exhibit a simple power-law dependence
on ¢, as implied by eqs 1—4, or a critical porosity ¢. below
which k = 0 (Figure 4).">*’ Instead, k becomes essentially
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Figure 4. Same data as in Figure 1 plotted as a function of total
porosity.”” Dark blue lines are a representative selection of normally
consolidated clay-rich sediments compacted to a range of ¢ values
using a standard oedometric test." The shaded blue region represents
the mudstone permeability model of Yang and Aplin** with Xepay = 0.4
to 0.6. The solid and dashed orange lines show the permeability of
pure Illite predicted with eq 2 (with a particle thickness of 20
phyllosilicate layers) and eq 3 (with r, = 21.6 nm and m = 3.28)."* The
dotted orange line reflects the water flux that would occur by pressure-
driven molecular diffusion, a plausible lower boundary on k,."

independent of porosity at ¢ < 0.2. This behavior has been
attributed to the bimodal (or more complex) pore-size
distribution of fine-grained rocks, where larger pores are
preferentially eliminated by compaction.”> This behavior
contrasts with observed porosity—permeability relationships
in cemented sandstones.””

3. THE NANOSCALE VIEW: CHEMICAL CONTROLS ON
THE MECHANICS OF CLAY SWELLING

The results presented above suggest that the permeability of
water-saturated clay-rich rocks (Xg,, > 1/3) is controlled by the
permeability of the clay matrix'>*" or, more precisely, by the
size and connectivity of the largest pores in the clay matrix."*
An understanding of these pores is emerging thanks to the use
of small-angle neutron scattering (SANS) and focused ion
beam scanning or transmission electron microscopy (FIB-
SEM/TEM) (Figure 5).°'*'° In clay-rich rocks, these
techniques reveal median pore diameters on the order of 1 to
10 nm, with few connected pores larger than 10 nm.'***
Exposure to solutions with different chemistries significantly
modifies the population and connectivity of nanopores and
mesopores, perhaps reflecting the aqueous chemistry depend-
ence of clay swelling.’® The sensitivity of microstructure to
stress conditions is expected to be significant but remains
sparsely studied.'*">?%**

A more detailed understanding of clay microstructure,
permeability, and related properties as a function of compaction
and pore water chemistry exists in the case of pure clay minerals
and clay—sand mixtures.”***™*" These media constitute
reasonable proxies for the clay matrix, at least in some cases,
as indicated by the similar permeability trends of sedimentary
rocks and kaolinite—quartz mixtures (Figure 1) and by the
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Figure 5. FIB-SEM reconstruction of the microstructure of a clay-rich
rock (Opalinus clay, Xy = 0.60 £ 0.08). About 80% of the pore space
is located in pores smaller than the 10 nm resolution of the image; the
remainder, shown in gold color, consists of mesopores distributed
within the clay matrix.* The image is consistent with the clay matrix
being the phase that controls the permeability of clay-rich rocks.
Adapted with permission from ref 14. Copyright 2013 Elsevier.

qualitative consistency between water and solute diffusion
coefficients in clay-rich rocks and in compacted water-saturated
smectite.”” Electron microscopy images indicate that fluid flow
in intact clay-rich rocks is controlled by pore throats with the
same width as the largest pores in compacted smectite.'**’
This analogy between pure clay and fine-grained rocks is
consistent with the effective degree of compaction of the clay
matrix being a key parameter controlling swelling g)ressure,43
water and solute diffusion,** and permeability 220 in fine
grained porous media.

The predominant conceptual model of the microstructure of
compacted, water-saturated clay is one in which individual
phyllosilicate layers (1 nm thick, $0—2000 nm in diameter) are
arranged into stacks (up to ~100 layers per stack) referred to as
tactoids, domains, or quasicrystals.zs’3 43746 Colloidal inter-
actions, characterized extensively in the case of smectite clay
using X-ray diffraction (XRD) experiments, give rise to
crystalline swelling states with interparticle distances of 0.3,
0.6, and 0.9 nm (where the interlayers are intercalated with one,
two, or three monolayers of water molecules) and an osmotic
swelling regime with interparticle distances of 2.5 to >14
nm.*>”~*"*" The resulting microstructure contains three types
of pores: “crystalline” nanopores, “osmotic” mesopores, and, in
some cases, macropores (Figure 6). The relative stability of the
different swelling states, and the value of the preferred
interparticle distance in the osmotic swelling regime, are
functions of salinity, the identity of the exchangeable cations,
the degree of compaction, the number of clay layers per stack,
and the hydration history of the sample.*******/*%

A more detailed understanding of clay aggregation structure
has proved challenging to establish, because many techniques
either provide indirect evidence (as in the case of rheology,
coagulation kinetics, or light transmission measurements)*’ or
require drying the clay (as in the case of TEM).”' In the past
decade, advances in small-angle X-ray scattering (SAXS),
transmission X-ray microscopy (TXM), and cryogenic TEM
(cryo-TEM) methodologies have provided new insight into the
microstructure of smectite clay in aqueous suspension45’48’50_52
and in compacted samples.41 For example, these studies have
shown that the basal spacing of the osmotic hydrate decreases
with the number of particles per stack’®*” and that clay
aggregation by edge-to-face interactions is much less prevalent
than previously hypothesized.***°>** The picture that
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Figure 6. Microstructure of compacted smectite clay. (A) Conceptual model of the microstructure of smectite clay hydrated with humid air (only
crystalline swelling is present).*” (B) SAXS data for K-smectite particles suspended in a 0.1 M KCl solution®* showing the coexistence of nanopores
and mesopores (with basal spacings of 1.5 and 13 nm). (C) XRD data for Na-smectite compacted to a range of dry bulk densities and hydrated with
pure liquid water.** (D) cryo-TEM image of smectite particles in bulk liquid water revealing no evidence of edge-to-face aggregation (scale bar is 50
nm). (E) TEM image of a sandstone with 5% smectite content indicating the existence of pore-bridging smectite strands too extensive to consist of
individual smectite layers.>' (F) Conceptual model of the microstructure of smectite clay hydrated with liquid water showing partly overlapping
layers and a phase separation between mesopores and nanopores. Panel A reproduced with permission from ref 39. Copyright 1979 The Clay
Minerals Society. Panels B and D reproduced with permission from ref 52. Copyright 2016 American Chemical Society. Panel C adapted with
permission from ref 40. Copyright 2012 Elsevier. Panel E reproduced with permission from ref 21. Copyright 1998 The Clay Minerals Society.

emerges is one in which stacks of partly overlapping particles
organize into three-dimensional structures with internal nano-
and mesoporosity controlled by the type of exchangeable
cation™ and coexisting in a manner analogous to a phase
separation.%’51 Macropores are absent in compacted Na-
smectite hydrated with low-salinity water*>*' and likely exist
only in situations where swelling capacity is insufficient to fill
the entire available space.”’

Efforts to account for the microstructure of the clay matrix in
geochemical and geomechanical simulations have led to the
development of so-called dual structure models in which the
pore space is conceptually divided into two compartments
(macropores and micropores, with volume fractions ¢y, and
@) that exchange fluid and solutes with each other as a
function of stress, water saturation, and pore water
chemistry.****™>” The micropores as defined in these models
include both the meso- and nanopores defined above.
Permeability is modeled as a function of ¢, based either on
an empirical relation® or an assumed geometry of the
macropores.””** Models of this type have focused on swelling
mechanics,** jonic transport,” and self-diffusion in clayey
media®® and have not been extensively tested against laboratory
permeability data or larger scale field studies of transport.

In the dual structure models introduced above, the swelling
mechanics of meso- and nanopores are based either on
parametric fits to macroscopic scale measurements of clay
swelling pressure’® or on the De jaguin—Landau—Verwey—
Overbeek (DLVO) theory,”****™>> a mean field theory of

long-range colloidal interactions (London dispersion, electro-
static repulsion). The DLVO-based models, though predom-
inantly used, are strictly valid only in conditions where osmotic
swelling predominates (i.e, pure Na-smectite at ionic strengths
below 0.2 M and low degrees of compaction) because they
inherently do not account for short-range attractive interactions
that control the stability of the crystalline hy-
drates.”****0*%3152 Efforts to refine these models have been
significant (for example, by accounting for surface complexes>®
and surface hydration forces*** and more accurately
quantifying the London dispersion forces)>” but have not yet
addressed the failure of DLVO theory to predict the
coexistence of crystalline and osmotic hydrates.””****>* A
promising approach to remedy this weakness may be to treat
the crystalline swelling states as distinct thermodynamic phases
where the partial specific free energy of water is strongly
modulated by short-range interactions.”**”

Nanoscale simulations of clay aggregation at the scale of
individual layers have the potential to support the development
of dual structure models by providing insight into the
microstructure of clayey media (Figure 6). Efforts in this
direction have modeled either pairs of clay particles in liquid
water [using molecular dynamics (MD) or Monte Carlo (MC)
simulations with an all-atom®”®° or implicit solvent]"®'
assemblages of hundreds of clay particles (using coarse-grained
simulations with interparticle interaction potentials derived
from all-atoms MD simulations™ or DLVO theory).”"%*~%

or
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Figure 7. Nanoscale simulations of clay aggregation at the scale of individual layers. (A) Coarse-grained simulation with an interaction potential
based on DLVO theory.** (B) Coarse-grained simulation with an interaction potential based on all-atom MD simulations of two smectite particles.
(C) All-atom MD simulation of ten Na-smectite nanoparticles (10 nm in diameter) in liquid water. Panel A reproduced with permission from ref 63.
Copyright 2000 The American Institute of Physics. Panel B reproduced with permission from ref 59. Copyright 2000 The American Institute of

Physics.

Most studies to date, with a few exceptions,‘ﬂ’(’o’é1 have focused
on the swelling mechanics of Na-smectite in pure liquid water.

A key challenge associated with the coarse-grained models
outlined above is the difficulty of developing interparticle
interaction models that accurately reflect both long- and short-
range interactions. Most of the models developed to date
assume that particle—particle interactions are repulsive at all
distances, and none of them predicts the coexistence of osmotic
and crystalline hydrates.”’ " Several coarse-grained models
have reported reasonable agreement with experimental data on
the swelling pressure of Na-smectite in pure water,””* but
none has yet been validated against data on the detailed pore-
size distribution of compacted smectite*”*" or against proper-
ties that are particularly sensitive to pore-size distribution, such
as anion exclusion or permeability.

The all-atom simulations studies outlined above, though
inherently more fundamental than the coarse-grained models,
involve significant challenges, as indicated by the existence of
only two all-atom MD simulation studies probing the free
energy of interaction of smectite particles for a relatively narrow
range of configurations and aqueous chemistries.’”* Future
developments in this area are likely, as shown by recent
advances in the simulation of stable, fully flexible clay edge
surfaces,*””” by successful validations of existing interatomic
potential models against experimental data on the structure,
dynamics, and energetics of water and ions on clay basal
surfaces,"**” and by sustained advances in high-performance
computing resources that have increased the size of tractable
systems from ~10> nm**”% to ~10* nm> over the last half-
decade, as required to model systems containing tens of
smectite nanoparticles in liquid water (Figure 7c).

4. CONCLUSIONS
The permeability of fine-grained sedimentary rocks depends

significantly on porosity, mineralogy, and pore water chemistry.
The development of advanced permeability models requires
new understanding of the mesoscale mechanics of sedimentary
rocks, the nanoscale impacts of aqueous chemistry and dry
density on the microstructure and permeability of the clay
matrix, and the links between both scales. The second question
is particularly challenging, because it involves strong nanoscale
chemomechanical couplings. Advances in nanogeochemical
characterization and simulation techniques (including synchro-
tron X-rays and neutrons, high-resolution electron microscopy,
and high-performance computing) have the potential to yield
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new constitutive models of the microstructure, mechanics, and
permeability of the clay matrix and its dependence on aqueous
chemistry and compaction that may, when combined with

.. . . . 70,71
existing mesoscale simulation methodologies, enable
significant advances in predicting the permeability of fine-
grained rocks.
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