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1. INTRODUCTION

Aurgillaceous rock is one rock type being considered for geologic disposal of high-level radioactive
waste. A key characteristic for waste isolation is very low permeability (from 10" m? to 102 m?,
Neuzil, 1994) that is typically considered a barrier for groundwater flow. The low permeability
characteristic is also enhanced by the mechanics of argillaceous rock; brittle fracturing in an
argillaceous rock is typically followed by fracture self-sealing once the conditions leading to rock
failure have abated. The ability of an argillaceous rock to provide a low permeability environment
over long time periods is affected by conditions of rock stress and stress history, diagenetic
alteration, and pore fluid pressure (Nygard et al., 2006). As it turns out, pore pressure is a critical
component related to brittle fracturing in argillaceous rock.

Low-permeability environments are also known for their potential to develop abnormal pressure
(Horseman et al., 1996). Abnormal pressure is often defined as a deviation from hydrostatic
pressure, although Horseman et al. (1996) suggest that a more appropriate definition is any
pressure that is inconsistent with classical, steady-state, single-phase groundwater flow. This
definition eliminates common topographic effects on groundwater pressure as a cause of abnormal
pressure. Although abnormal pressure is more commonly found at depths greater than 1000 m
(Swarbrick and Osborne, 1998), shallower occurrences at depths of 600 m or less have been
observed (Chapman, 1972, Dugan et al., 2003). Abnormal pressure is observed in many different
geologic environments and is caused by a wide variety of mechanisms. Abnormal pressure is
relatively common for low-permeability rock, although direct measurements of pressure conditions
in low-permeability rock remain problematic. Pressure conditions are typically inferred from
measurements in adjacent, more permeable formations, or are inferred from indirect measurements
that require significant interpretation.

Observations of argillaceous rocks indicate that natural fracturing processes have occurred and that
fracturing is likely to be related to the occurrence of abnormal pressure (Cosgrove, 2001).
Fracturing in combination with abnormal pressure is associated with pressure relief and dewatering
of sediments. Therefore, fractures also serve as fluid discharge pathways through low-permeability
rock. Once pressure conditions that led to fracturing have abated, fractures tend to close and self-
sealing occurs in which permeability of the fractures returns to a levels corresponding to a non-
fractured condition. Self-healing is also possible, although some evidence of fractures that have
closed but not healed exist (Arnould, 2006). Fractures that have self-sealed may be difficult to
identify by visual inspection. Self-sealing of fractures is disrupted if flow through the fracture
results in deposition of other materials, such as mobilized sand.

Induced hydraulic fracturing has recently become an important technique for extracting petroleum
resources from argillaceous rock (Warpinski et al., 2012). Hydraulic fracturing has been used for
several decades for petroleum extraction. In the past, the main application was to stimulate
declining well production caused by formation damage occurring locally around wells (Parker et
al., 1994). However, it has also been long used to stimulate production from low-permeability gas
reservoirs (Holditch, 1979). Although there are some common technical issues linking induced
hydraulic fracturing for petroleum production and natural fracturing processes of interest for
radioactive waste disposal, recent developments for this specific technology are not the focus of
this report.
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A review of processes and conditions that lead to overpressure and measurement methods to detect
overpressure are presented. The potential for fracturing to occur as a result of abnormal pressure is
discussed in terms of simple fracture criteria. A model is developed and used to examine the fluid
flow behavior of transient depressurization within an overpressured aquifer and low-permeability
argillaceous rock. The model is also used to investigate the potential transport and disposition of
natural tracers within the overpressure aquifer and within the seal penetrated by the hydrofracture
during the depressurization flow process. Finally, transport of a solute (such as a radionuclide) is
considered as a result of strong fluid depressurization flow through a hydrofractured seal.

2. ARGILLACEOUS ROCK

There is not a single agreed-upon definition for argillaceous rock and the term is not used
consistently in the literature. Here, argillaceous rock is defined as a general category encompassing
fine-grained sedimentary rock that is either predominately clay-sized particles or clay and silt.
Clays are the finest-grained classification of sedimentary material so there is no lower limit for
clay grain size; the specific upper limit varies by discipline, but ranges from 1 to 4 um
(Guggenheim and Martin, 1995). Silt is coarser than clay, having grain sizes between 4 um to 63
um.

Although grain size is extremely important characteristic for the hydrologic characteristics of clay
rock, mechanical characteristics rely on mineral composition. According to the definition set out
by Guggenheim and Martin (1995), clay materials have the characteristics of showing plastic
behavior at sufficiently high water content and harden upon drying. Clays are distinct from clay
minerals which are more specifically phyllosilicate minerals. Bain (1971) presents the plasticity of
different phyllosilicate clay materials. Plasticity is defined as the difference between the Atterberg
liquid limit and plastic limit. The liquid limit is the percentage by weight of water relative to the
oven-dried clay where the clay-water mixture flows as a liquid. The plastic limit is the percentage
by weight of water relative to the oven-dried clay where the clay-water mixture is malleable
(White, 1949). Kaolinite has relatively low plasticity and sodium montmorillonite has high
plasticity, with calcium montmorillonite and illite lying at intermediate levels of the plasticity
index. Clay plasticity is an important aspect of argillaceous rocks in terms of their ability to
express mechanical failure as a ductile shear process under some conditions while under other
conditions failure results in brittle fracturing. These differences are significant for the
hydrogeological behavior of clay rock. Clay plasticity also plays an important role in other hydro-
mechanical behavior such as self-sealing processes for fractures in argillaceous rock.

Definitions related to argillaceous rock and rocks containing significant quantities of clay are given
in Table 1. Argillaceous rock is formed initially from unlithified clay and silt, (Potter et al., 2005).
Clays have more than 2/3 clay-sized particles, silts have more than 2/3 silt-sized particles, and an
intermediate mixture of clay and silt is called mud. Lithification of clay, mud, and silt produces
claystone, mudstone, and siltstone if the lithification does not result in laminations; otherwise
lithification results in shale, which may be subdivided into clay-shale, mud-shale, and silt-shale
based on the underlying source material. The USGS identifies mudstone as a general term that
includes claystone, siltstone, shale and argillite. The USGS restricts the term shale to mean a
lithified claystone that contains laminations (USGS) and defines argillite as a claystone, shale or
siltstone that has been further lithified but lacks clear lamination. Lithification involves the
processes of burial compaction and chemical diagenesis. Compaction, chemical diagenesis and



Report on Development of Critical Field Testing and Site Characterization Techniques
September 2012 3

lithification affect the rock strength or stiffness; a lower-strength rock associated with a lower
degree of lithification is described as “plastic” whereas a higher-strength rock associated with a
higher degree of lithification is described as “indurated”. Although not included in the
classification shown in Table 1, another important aspect of argillaceous rock mineralogy is
organic content, which can impact the formation and diagenesis of argillaceous rock (Aplin and
Macquaker, 2011).

Table 1. Argillaceous rock definitions (Potter et al., 2005; USGS)

Term Definition

Mudstone | A general term that includes claystone, siltstone, shale, and argillite, and that should
be used only when the amounts of clay-sized and silt-sized particles are not known
or specified, or cannot be precisely identified.

Claystone | indurated rock having more than 67% clay-sized minerals.

Shale A laminated, indurated rock having more than 67% clay-sized minerals.

Argillite | A compact rock derived either from mudstone or shale, that has undergone a
somewhat higher degree of induration than mudstone or shale but is less clearly
laminated than shale and without its fissility, and that lacks the cleavage distinctive
of slate.

Siltstone | An indurated silt having the texture and composition of shale but lacking its fine
lamination or fissility; a massive mudstone having more than 67% silt-sized
particles.

3. ARGILLACEOUS ROCK AND ABNORMAL PRESSURE

Abnormal pressure in the subsurface refers to fluid pressure that differs from hydrostatic pressure
and is often associated with low permeability formations. There are several reasons why abnormal
pressure is associated with low-permeability argillaceous formations. The low permeability of
argillaceous rocks can require long periods of time to dissipate pressure deviations from
hydrostatic pressure. In this context, abnormal pressure represents a disequilibrium condition that
is in the process of moving towards equilibrium. However there are also natural steady-state flow
and even static fluid conditions that can cause abnormal pressure.

Geologic forcing mechanisms that can cause abnormal pressure have been identified and
summarized by several researchers (Neuzil, 1995; Swarbrick and Osborne, 1998; Martinsen,
1994). These mechanisms represent a wide variety of processes such that the potential for
generating abnormal pressure exists in a wide range of geologic environments. Osborne and
Swarbrick (1997) identified the geologic forcing mechanisms as belonging to three classes:
mechanical processes affecting rock stress (e.g., burial compaction and tectonic stress); processes
that affect mineral and fluid properties resulting in volume change (e.g. thermal expansion and
water evolution from mineral alteration); and static and dynamic fluid mechanical processes (e.g.,
topographic flow and fluid buoyancy).
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3.1 Abnormal Pressure from Mechanical Processes

The formation of an argillaceous rock starts with deposition of primary fine-grained clay and mud
sedimentary materials. The process of burial leads to increased overburden stress over time and
this stress causes compaction of the materials’ porosity. Because the porosity is filled with water,
which has a relatively small value of compressibility, the compaction of porosity requires
expulsion of pore water. In cases such as argillaceous rock, the low permeability may cause a
significant resistance to fluid flow to expel the pore water; instead fluid pressure builds up creating
an abnormal pressure condition. Therefore, there is a direct link between overpressure caused by
burial compaction and the evolution of the porosity of the rock; overpressured systems show
higher porosity than systems that maintain pressure equilibrium in a normal compaction process.
As noted by Osborne and Swarbrick (1997), this process is dynamic and rates of burial must be
high enough to exceed the capacity of the compacting argillaceous rock to expel pore fluid.
Conditions that favor this mechanism are a thick deposit of low permeability material and rapid
burial.

In addition to gravitational loading that occurs during burial compaction, rock stress is also
affected by tectonic displacements. These stresses often are imposed as horizontal compression or
extension forces on the rock rather than vertical as for burial compaction, but influence pore
pressure similarly (Managa and Wang, 2007). Tectonic pressures can occur rapidly as a result of
fault slippage through direct changes in mechanical stress and as a result of transmission of fluid
pressure through faults that have been reactivated by slippage (Sibson, 1990). Changes in tectonic
stress as a result of individual fault displacements are on the order of 1 MPa (Gongalvés et al.,
2004). While 1 MPa appears to be a typical stress drop caused by an earthquake, Gough and
Gough (1987) report that stress drops during earthquakes can range up to 60 MPa. Stress drops
caused by earthquakes also show a trend of increasing stress drop with the depth of the earthquake
(Hartzell and Brune, 1977). Richardson and Solomon (1977) reported on observations of intraplate
earthquakes and found that stress drops ranged from 0.1 to 7 MPa.

3.2 Abnormal Pressure from Changes in Fluid or Rock Volume

Processes that cause a change in rock or fluid volume are another class responsible for the
generation of abnormal pressure. Such volume changes can occur as a result of heating (called
aquathermal heating) during burial or by the introduction of external sources from hydrothermal
activity. Heating causes thermal expansion of argillaceous rock and water, with water expanding
more than rock (Martinsen, 1994). If the expanded volume of water cannot be discharged fast
enough, there will be an increase in fluid pressure. A very broad class of processes that are
typically considered a part of diagenesis or metamorphism include mineral alteration that results in
the evolution of water or precipitation of minerals, or both. Examples include smectite dehydration
and smectite to illite and gypsum to anhydrite mineral transformations. Smectite dehydration, in
which water is released from clay interlayers, is sensitive to fluid pressure and temperature. An
increase in fluid pressure leads to an increase in the dehydration temperature. If dehydration results
in a pressure increase, it will inhibit further dehydration. Therefore, smectite dehydration is not
considered a likely mechanism for creating abnormal pressure (Colten-Bradley, 1987). Smectite
transforms to illite at temperatures in excess of 60 °C and releases water bound in the smectite clay
interlayers. In addition to the release of water, the smectite to illite transformation releases Si, Ca,
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Fe, and Mg ions. This can lead to precipitation of minerals and a reduction in both porosity and
permeability caused by the precipitate (Osborne and Swarbrick, 1997).

Another consideration is that mineral transformations may also affect the mineral framework of the
argillaceous rock. The transformation of smectite to illite is usually accompanied by dissolution of
potassium feldspar or mica (Altaner, 1986; Boles and Franks, 1979). The mineral transformation
from smectite to illite requires potassium, available from the potassium feldspar or mica. Sodium
released from the smectite typically transforms any calcium-bearing feldspars to albite. Feldspar
grains are generally larger than the smectite clays and play a significant role in the load-bearing
mineral structure. These and other mineral reactions associated with smectite to illite reactions
result in changes in the load-bearing secondary grains commonly present in smectite. These
changes cause mineral compaction and load transfer from the mineral to the pore water, causing an
increase in pore pressure (Lahann and Swarbrick, 2011).

Gypsum transforms to anhydrite at 40-60 °C and in the process releases 2 moles of water per mole
of gypsum resulting in a loss of 39% bound water by volume and a similar volume decrease of
38.5% (Swarbrick and Osborne, 1998; Osborne and Swarbrick, 1997; Zanbak and Arthur, 1984).
This volume decrease will also result in load transfer mechanisms driving up pore pressure.

3.3 Abnormal Pressure from Static and Dynamic Fluid Mechanical
Processes

The final class of abnormal-pressure generating mechanisms is associated with fluid statics and
fluid-flow dynamics. One example is the change in pressure gradient when moving vertically from
a reservoir brine section up through a hydrocarbon resource. This shows how abnormal pressures
are generated through fluid statics involving fluids with different densities. An example of
abnormal pressure caused by flow dynamics occurs in the Pierre shale in Colorado (Belitz and
Bredehoeft, 1986). Recharge moves downward through the low-permeability Pierre shale into a
higher-permeability Dakota sandstone formation that directs the flow subhorizontally to a
discharge point at the ground surface. Because of the high flow resistance within the shale, a large
portion of the piezometric head is dissipated within the shale and results in abnormally low
pressure within the lower part of the shale and in the Dakota sandstone. Such topographic flow
phenomena can also lead to abnormal overpressure (Wolf et al., 2009). Certain mechanisms, such
as osmotic flow and buoyancy can lead to static or quasi-static conditions in the presence of
abnormal pressure. For example, abnormal pressure is associated with salinity gradients in shales
because of the ability of these rocks to act as semi-permeable membranes (Neuzil and Provost,
2009). If the shale, containing a higher-salinity pore water, is exposed to a lower salinity water on
its boundary, osmotic forces will result in water being imbibed into the shale. This will lead to a
counter-balancing pressure gradient that can attain a static equilibrium with the osmotically-driven
flow process. Neuzil (2000) found that osmotic pressure effects were more likely to occur in lower
porosity sedimentary systems (less than 0.05) that usually are found at depths over 5 km, or in
shallower systems that had been buried to such depths prior to uplift. Static equilibrium in the
presence of abnormal pressure is a typical condition for hydrocarbon traps in which the lower-
density hydrocarbon fluid is trapped against a shale caprock. The water-saturated caprock presents
a capillary barrier to further movement of the hydrocarbon into the caprock. The trapped, static,
hydrocarbon results in an abnormal static pressure within the reservoir. Another process that is
transitional between rock mechanical and fluid mechanical are stresses transmitted as a result of
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salt or mud diapirism, a process by which more ductile salt or argillaceous rock is forced up
through more brittle rocks via the buoyant forces acting on the salt or argillaceous rock relative to
the surrounding rock, rock stress, and fluid pressure at the source.

3.4 Equilibration Time for Abnormal Pressure

Fluid pressure in argillaceous rock can retain pressure disequilibrium for long time periods in close
proximity with lower-pressure conditions in surrounding formations because of the very low
permeability typical of argillaceous rock. Typically, the pressure sink for a low-permeability
argillaceous rock is an adjacent higher-permeability aquifer. Thus, pressure is transmitted and
dissipated across the argillaceous layer thickness. A standard approximation describing transient
flow in a saturated rock is that pressure is transmitted as a diffusive process in which the pressure
diffusion coefficient, also known as the hydraulic diffusivity, is the rock’s hydraulic conductivity
divided by the volumetric specific storage coefficient. The time scale for pressure dissipation is
h?/4D,,, where h is the layer thickness, and Dj, is the hydraulic diffusivity. For example, an
argillaceous rock with a hydraulic conductivity (K,) of 10 m/s (equivalent to a permeability of
about 10?° m?) and a specific storage coefficient (S,) of 10° m™, has a hydraulic diffusivity,
Dy, = K, /S, of 10® m%s. The time scale for pressure dissipation in a 100-m thick argillaceous
formation is on the order 10,000 years. Given an order of magnitude uncertainty in hydraulic
diffusivity (Goncalves et al., 2004), the equilibration time can vary between 1,000 and 100,000
years. Although aquifer hydraulic diffusivities are much higher, the ultimate equilibration of
excess pressure in an aquifer may require long-distance transmission of pressure along the aquifer
to a pressure sink, such as an outcrop. Therefore, the time for dissipation of a pressure anomaly in
an aquifer may be as long as for pressure dissipation in low-permeability rock (Goncalves et al.,
2004).

4. IN-SITU MEASUREMENT METHODS FOR PRESSURE IN
ARGILLACEOUS ROCK

As stated earlier, the development of abnormal pressure requires the presence of a low-
permeability formation. Formation pressures in permeable zones are measured during well drilling
using drill-stem tests or wireline pressure testing (Bredehoeft, 1965; Brown, 2003). Both tests
require fluid to flow from the formation. For a drill-stem test this involves fluid flowing into a
packed-off section of the wellbore and for a wireline pressure test, the fluid flows into a chamber
that is sealed against the formation. While these methods are suitable for more permeable
formations, the time for pressure equilibration with the wellbore drill stem tests or formation
testing apparatus is too long for practical use of such methods. A general issue concerning pressure
measurements is that drilling can supercharge the formation pressure because drilling fluids are
typically weighted to operate at pressures above the expected formation pressure. Although one of
the functions of drilling muds is to help prevent fluids from entering the formation, some
formation leakage is expected, along with changes in formation pressure locally around the
borehole.

Because direct methods to measure fluid pressure in low-permeability formations are impractical,
alternative methods for estimating in-situ pressure of these formations have been developed. The
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most widely used method is based on the Terzaghi concept of effective stress (Swarbrick 2002,
Stump et al., 1999). Effective stress is equal to the total stress minus the pore pressure. Total stress
can be calculated from the vertical and horizontal stress components. Vertical stress is more easily
estimated from the weight of the overburden rock and fluids. Because horizontal stresses can be
difficult to estimate, the vertical overburden stress is sometimes used to represent total stress (Fertl
and Chilingarian, 1987). The greatest challenge is to estimate the effective stress. This is done
through an association between the porosity of the system and depth for normally-compacted
sediment. As sediments compact and dewater with increased burial, the porosity decreases. Cases
in which the sediment is able to release water during burial compaction such that the fluid pressure
remains hydrostatic are considered normally compacted. Normal compaction results in a unique
relationship between porosity, depth, and effective stress. Various geophysical measurements for
estimating porosity can be used to identify the effective stress through its relationship with
porosity given a normal compaction curve (Swarbrick, 2002). The difference between the total
stress and effective stress give the formation pore pressure.

Swarbrick (2002) summarizes a number of pitfalls related to indirect pressure estimation based on
effective stress. There are several reasons that the indirect pressure method may fail related to
defining the normal compaction curve, quantifying total stress, and processes affecting compaction
other than burial overburden stress. These include (1) initiation of overpressure at shallow depths,
restricting the availability of information on normal compaction; (2) lithological variability causing
discrepancies with the normal compaction curve; (3) inability to estimate and incorporate
horizontal stresses in the total stress; (4) overpressure caused by fluid expansion, such as smectite
to illite dewatering, which can affect the strength of the mineral skeleton causing a departure from
normal compaction relationships between effective stress and porosity; and (5) non-mechanical
compaction, such as deposition of secondary minerals, that also causes a departure from normal
compaction relationships between effective stress and porosity. Swarbrick (2002) concludes that
these factors typically result in an underestimate of pore pressures when using an indirect pressure
method.

Alternative methods for determining pressure in clay formations directly have been used for
geotechnical applications at an offshore petroleum operation on the Norwegian continental shelf
(Strout and Tjelta, 2005). Two pressure measurement methods were implemented, dissipation tests
and piezometers. Dissipation tests are conducted by inserting a narrow-diameter probe into the
clay and measuring the pressure response. Pressure initially rises caused by compression of the soil
displaced by the probe. Dissipation of the excess pressure to an equilibrium level provides a
measure of the pore pressure in the clay. Equilibration time is a function of the probe dimensions
and formation permeability. As for direct methods, these times can restrict the practicality of the
method. Direct placement of piezometers in the formation has also been used and generally
produced more reliable results. Although this method requires similar or longer times for
equilibration, after installation the piezometer can operate and record data autonomously. The data
is then retrieved at a later time after equilibration.
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5. MECHANICAL FAILURE AND FRACTURING IN ARGILLACEOUS
ROCK ASSOCIATED WITH ABNORMAL PRESSURE

An important factor related to abnormal overpressure is the potential to cause brittle fracturing.

Abnormal overpressure tends to put a rock in a brittle condition that can lead to development of

permeable shear or tensile fractures. Here we review some theoretical aspects of geomechanics and
rock failure and then present field observations concerning natural fracturing in argillaceous rock.

5.1 Geomechanics of Failure

The plane stress conditions in a rock can be represented on a diagram of effective normal stress
versus shear stress as shown in Figure 1.

Mohr-Coulomb
T=C+uod'

01— 03
2

shearstress, t

maximum shear stress , Ty =

Griffith

T=2JT%2+Tdo' T

Mohr’s stress circle

< T
effective normal stress, ¢’

Figure 1. Mohr-Coloumb-Griffith failure curve and Mohr’s stress circle.

The Mohr-Coloumb-Griffith failure curve shown in Figure 1 is a combination of the Mohr-
Coloumb relationship for positive normal stress,

T=C++ us’ (@8]

where C is the cohesive strength, u is the coefficient of internal friction, o' is the effective normal
stress, and t is the shear stress. The failure curve under tensile stress (o, < 0) is given by the
Griffith criterion,

T=2JT%2+Tqo' (2)

where T is the tensile strength (> 0).
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Effective stress is the rock stress exerted by the solid framework of the rock minus the pore
pressure exerted by the fluid occupying the pores. For normal stress, ¢’ = g — p, where ¢ is the
rock normal stress and p is the pore fluid pressure. There are a range of normal stress conditions at
a given point because of the directional dependence of the rock stress. All stress conditions at a
point are represented by Mohr’s stress circle, with normal and shear stresses varying according to
the orientation of the normal surface at that location. The peak shear stress at any location is
related to the maximum and minimum normal effective stresses at that location, o; and o3,
respectively, and is given by,

zai_aézal_GS (3)

P 2 2

If we assume that the rock stresses are unaffected by changes in pore pressure, then shear stress is
independent of pore pressure. As pore pressure increases (stress state A goes to A’ and B goes to
B’ in Figure 2), effective stress is reduced and a stress state can contact the failure curve. As
identified by Cosgrove (2001), at sufficiently high pore pressure the stress state will intersect the
failure curve at a positive value of o, if 7, > 2T, or o, — 03 > 4T. When the stress state
intercepts the failure curve under positive normal stress (compression) conditions, the rock
undergoes shear failure. When the stress state intercepts the failure curve under negative normal
stress (tensile) conditions, the rock undergoes tensile failure.

T

Mohr-Coulomb failure
shear failure

increased pore pressure
—

Griffith failure

tensilefailure

high differential stress

low differential stress

Figure 2. Shear failure induced by overpressure.

Vertical normal stress, g, in a saturated rock varies linearly with depth for a homogeneous system
because the weight of the overburden is proportional to depth,

Oy = {(1 - ¢)pg + ¢pw}gz (4)
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where ¢ is the porosity, p, is the grain density, p,, is the density of water, g is gravitational
acceleration, and z is depth below ground surface.

Rock stress in the presence of fluid pore pressure is governed by the effective stress, o,

0, =0,—D ®)

where p is the fluid pore pressure. For hydrostatic conditions, p = p,,gz. From (4), (5), and the
hydrostatic pressure equation,

oy, = (1 —P)pg — pw)9z (6)

511 Treatment of Horizontal Stress

Horizontal stress has been found to also vary linearly with depth both for dry and saturated
systems, however the rate of increase of horizontal stress with depth differs such that the ratio of
horizontal to vertical stress is constant (Terzaghi and Richart, 1952; Hamouche et al., 1995). For a
saturated system,

=Ko, (7)
The ratio of horizontal effective stress to vertical effective stress under conditions of zero lateral
strain, K, is called the coefficient of earth pressure at rest (Hamouche et al., 1995). Here the
subscript “L”, for “loading” identifies this as a coefficient for increasing vertical and horizontal
stress. Cosgrove (2001) assumes the coefficient of earth pressure at rest is the same for loading and
unloading processes. The coefficient has been found to be sensitive to the plasticity index and the
overconsolidation ratio (Hamouche et al., 1995; Keskin et al., 2004; Shohet, 2008). The minimum
horizontal stress is generally used in Equation (7) for horizontal effective stress (Hillis, 2003). For
an elastic rock with no lateral strain, Hooke’s law generalized to include Poisson’s ratio, v, can be
used to show that,

14

Ko, = (8)
For the assumptions used in Figure 2, Cosgrove (2001) shows that tensile fractures will form
above a threshold depth defined by the depth where o, — g, = 4T. Using this threshold criterion
with Equations (6) and (7) gives,

1—v

~ AT
(1— Ko )1 — ) py — pw)g

where z;g is the threshold depth for tensile and shear failure. Below this depth the differential
stress is too large and Mohr’s stress circle, with sufficiently large pore pressure, will intercept the
failure curve under positive normal stress, leading to shear failure (Figure 2).

ZTs

(9)

Hillis (2003) suggests that Equation (7) should hold generally, not just for depth variations in
stress at hydrostatic conditions as used by Cosgrove (2001), but also for changes in pore pressure.
If K,;, remains constant as pore pressure changes, then the differential stress is,
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01; - O-f; = 01;(1 — Ko1) (10)

This shows that as pore pressure increases and o,, decreases, the differential stress decreases and
goes to zero when pore pressure equals the rock vertical stress. For K,;, < 1, the vertical effective
stress is larger than the minimum horizontal effective stress, but could be smaller than the
maximum horizontal effective stress. For K,;, > 1, the minimum horizontal effective stress is
larger than the vertical effective stress; hence in this case the vertical effective stress is the
minimum principal stress. Again assuming that the coefficient of earth pressure at rest is the same
for loading and unloading, as pore pressure increases further and the vertical effective stress
becomes negative, the horizontal effective stress becomes larger (less negative) than the vertical
effective stress. As shown in Figure 3, the behavior of effective stress changes in response to pore
pressure changes is quite different than in Figure 2. The reduction in differential stress with
increase in pore pressure shrinks Mohr’s stress circle causing increases in pore pressure to lead to
tensile failure (Hillis, 2003; Cobbold and Rodrigues, 2007). However, decreases in pore pressure
can lead to shear failure depending on the coefficient of internal friction and the initial stress
conditions. Hillis (2003) and Tingay et al. (2003) provide field evidence supporting the hypothesis
that vertical and horizontal effective stresses are coupled in this manner.

The impact of coupling effective stress is significant in terms of failure. Hillis (2003) indicates that
this coupling is critical in preventing shear failure at lower pore pressures (such as shown in Figure
2) and allows a build-up in pore pressure before reaching tensile failure. In that Mohr’s stress
circle becomes smaller as pore pressure builds, tensile failure at low differential stresses are also
more likely to be randomly oriented because the difference between the minimum and maximum
normal effective stresses is small.

shear failure
decreased pore pressure

increased differential stress / /
_—

Mohr-Coulomb failur

Griffith failure -
Slope =—
0

tensilefailure J
\

increased pore pressure
reduced differential stress

Figure 3. Effects of pore pressure on rock failure given Equation (9) for differential stress



Report on Development of Critical Field Testing and Site Characterization Techniques
12 September 2012

Mertens et al. (2003) points out that differences are found between for the coefficient of earth
pressure at rest (K,,) during loading versus unloading, and cites Maltman (1994) for K,; during
unloading,

3v—1
ou =

(11)

1—v

Although the hysteretic behavior is also noted by Wesley (2010) and Bjerlykke (2010), they
suggest that unloading does not behave elastically and results in a non-linear relationship between
oy, and a,,. Bjarlykke (2010) presents an empirical relationship for Ky,

KOU = KOLOCRn (12)

where OCR is the overconsolidation ratio and n is an empirical exponent usually between 0.6 and
0.8. A similar relationship was found for reconstituted Boston blue clay with an exponent of 0.43
(Abdulhadi et al., 2011) The overconsolidation ratio is given by,

OCR = Am (13)

01
where o, is the largest maximum effective normal stress experienced over time by a material
element of rock, o, is the maximum effective normal stress at current conditions for the material
element of rock. A rock is considered normally consolidated if the overconsolidation ratio is 1, i.e.,

that the rock has only experienced loading. Using Equation (8) for K,,;, and Equations (11) and (12)
gives,

v

0, = 7= (1m)" (01) "0 (14)

Here, o; is either o, or the horizontal effective stress, oy, noting that for zero lateral strain and
isotropic properties, horizontal stresses are isotropic. If it is 6; = o, then,

, v , n, 1 q_
op = m(%m) (o)™ (15)

Ifitis o) = oy,
1/(1+n)

o1 = {7 (o1m) "o} (16)

Mertens et al. (2003) computed the trajectory of o, with depth using Equations (8) and (11) and
where o, is given by Equation (6); Poisson’s ratio is taken to be 0.4, (1 — d)pg + Ppy, = 2000
kg/m®, p,, = 1019 kg/m®, and the maximum depth is 100 m. To consider both compression
(positive) and tension (negative) values of o, in Equations (15) and (16), the absolute value of o,
is used, and oy, is taken to have the same sign as o,,. A comparison of the behavior of o;, versus o,
is given in Figure 4 for the given parameters.
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Figure 4. Horizontal and Shear Stress Paths Relative to Maximum Effective Normal Stress.

Figure 5 shows how these cases behave in terms of a Mohr-Coloumb-Griffith failure diagram with
increasing pore pressure. For Figure 5, the cohesion is 0.15 MPa and the friction angle is 18°, as
determined by Mertens et al. (2003). The tensile strength consistent with the magnitude of the
cohesion and Griffith failure is 0.075 MPa. Differences in the treatment of K, are seen to result in
different predictions for the mode of failure. Furthermore, the non-linear K,, case requires about
0.317 MPa more fluid overpressure before failure occurs than the linear K, case.
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Figure 5. Mohr-Coloumb-Griffith Failure Diagrams. a) Linear K,; (Equation 11); b) Non-linear
K,; (Equations 15 and 16).

Another aspect that impacts the consequences of shear failure concerns whether or not the failure
occurs as brittle or ductile process. Failure that is brittle results in fracturing in a narrow zone with
distinct shear surfaces, volumetric dilation within the fractured zone, and an increase in rock
permeability. Ductile failure results in more diffuse rock deformation, volumetric contraction
along the damage zone, and reduced rock permeability. Brittle and ductile failures were
investigated by Ingram and Urai (1999) and Nygard et al. (2006) for argillaceous rock. These
investigations found that clay rock behaves as brittle or ductile depending on the overconsolidation
ratio. However, because chemical diagenesis can also affect the brittleness of a mudrock, Ingram
and Urai (1999) proposed a criterion for determining the threshold between brittle and ductile
behavior based on the unconsolidated compressive strength of the rock. Nygard et al. (2006) also
showed in laboratory tests that brittle shear fractures can lead to enhanced rock permeability. The
proposed criterion, called the brittleness index, or BRI, is,

UCS

BRI =
UCSyc

(17)

where UCS is the unconfined compressive strength and UCSyc is the unconfined compressive
strength of a normally-consolidated rock at the same depth. The value of the brittleness index
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corresponding to threshold brittle behavior in mudrock was determined to be 2. The unconfined
compressive strength can be measured directly on core samples or estimated from measurements
of seismic velocities (Ingram and Urai, 1999):

log(UCS) — 6.96
2.45

where UCS is in MPa, V; and V,, are secondary and primary seismic velocities, respectively, in m/s.

The unconfined compressive strength for normally consolidated conditions can be estimated from
(Ingram and Urai, 1999):

= log(V;) = log(0.86V, — 1172) (18)

UCSyc = 0.50" (19)
where ¢’ is the maximum effective normal stress at the depth of interest.

Nygard et al. (2006) developed a relationship between the overconsolidation ratio and the
brittleness index:

BRI = OCR%8° (20)

where BRI is the brittleness index. The index corresponding to the threshold for brittle-ductile
behavior is an overconsolidation ratio of 2.5.

5.2 Observations of Rock Failure

These results indicate that shear failure will not result in fracturing unless the current maximum
effective stress is significantly less than largest maximum effective stress experienced by the rock,
or alternatively if the rock has been significantly altered by cementation. Ishii et al. (2011)
investigated brittle-ductile behavior for mudrock at the Horonobe underground research laboratory
in Japan. The rock showed ductile behavior for a brittleness index less than 2, and a wide transition
region for a brittleness index between 2 and 8 showing some fracturing but incomplete fracture
connectedness limited its impacts on permeability. For a brittleness index greater than 8, the rock
was strongly affected by fracture permeability. Rock that exhibits brittle behavior were found to be
limited to depths less than 500 m. Similarly, studies of fault permeability at Horonobe (Ishii et al.,
2010) have found that highly permeable sections formed through tensile failure are found in rock
less than 400 m deep, whereas in deeper areas, faults formed through shear failure and have lower
permeability. In general, the lower-permeability associated with shear failure is linked to a
relationship between the brittleness index and the friction angle, ¢, is (Ishii et al., 2011),

4cos(p)

BRl = —F—
cos(p) — 0.5

(21)
where the coefficient of internal friction from Equation (1), 4 = tan(¢). Ingram and Urai (1999)
present a correlation between the internal friction angle and the specific surface area, S, of

mudrock:

log(¢p) = log(35){1 — S/1266} (22)
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where S is in m?/g, suggesting that with equations (17), (18), (19), and (21), the in-situ specific
surface area of a mudrock can be estimated from seismic velocities and the effective normal stress
at depth.

Some additional information on permeability changes during shear failure are presented by Wong
and Zhu (1999), who review experimental data concerning shear failure and interpret this data in
terms of a percolation network model. Although their work did not directly address argillaceous
rock, they do investigate differences in the hydrogeological behavior of shear faults for low-
porosity crystalline (compact) rock as compared with more porous sedimentary rock, with porosity
greater than 5%. Evidence indicates that although permeability increases are observed for dilatant
(brittle) shear fracturing in compact rock, permeability has been found to actually decrease for
dilatant shear fracturing in porous rock — even though rock porosity increases. The explanation
provided by Wong and Zhu (1999) for this unexpected behavior is that most of the dilation
occurred in the primary porosity and that fracturing was limited to disconnected localized clusters.
The main impact of the fracture clusters was to increase the tortuosity of the rock, causing a
decrease in rock permeability. This observation of ineffective fracture network formation by shear
stress is similar to the observations at the Horonobe underground research facility in which shear
failure led to poorly-connected fracture systems (Ishii et al., 2010 and 2011).

5.3 Shale-Gouge Ratio and Permeability Related to Shear Failure

One approach that has been used to evaluate the effects of shear damage in rock is to correlate the
permeability of the damage zone with the shale-gouge ratio (SGR) (Yielding et al., 1997). The
SGR is defined at any point along the fault as the clay volume fraction within a “window” at that
location having a height equal to the throw along the fault. Therefore, SGR varies between 0 and 1.
Manzocchi et al. (1999) developed a quantitative permeability relationship based on the SGR
concept, given by,

log(k) = —4SGR — 0.25log(D)(1 — SGR)* (23)

where k is permeability in millidarcies, and D is the displacement along the fault. While this
relationship has been developed for “faults”, it has been compared with data for range of
displacement distances, down to 1 mm (Manzocchi et al., 1999). It turns out that k has low
sensitivity to D when SGR is greater than 0.4. This relationship has been compared with field and
laboratory data and appears to provide a reasonable estimate of permeability caused by shear
damage (Crawford et al., 2002, 2008). Although this relationship has been applied mainly to
permeability orthogonal to the fault plane, experiments reported by Crawford et al. (2002, 2008)
show agreement with this relationship for permeability along the fault plane as well. The main data
set was developed for kaolinite clays, but much more limited data for illite shows permeabilities
that are 3 to 4 orders of magnitude lower than those given by Equation (23). The data appear to
indicate that for an SGR > 0.5, permeability effects of shear displacements are small (Crawford et
al., 2008). Experiments on shale smear incorporated into shear displacement structures indicate
that the mechanical properties of the clay may also play an important role (Schmatz et al., 2010).
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6. NATURAL FRACTURES IN ARGILLACEOUS ROCK

Only a few deep-bedrock argillaceous formations have been extensively characterized for
hydrogeologic purposes (Cherry et al., 2006). In the U.S. these are the Pierre Shale (Neuzil, 1986)
and the Maquoketa Formation (Eaton et al., 2007). Worldwide, some deep argillaceous formations
are being intensively studied in Switzerland (Opalinus Clay), Belgium (Boom Clay), France
(Callovo-Oxfordian Clay and Toarcian argillites), and Japan (Koetoi and Wakkanai Formations)
for nuclear waste disposal. Natural fractures in deeper bedrock argillaceous formations have not
received a much attention because they have been found to generally have low permeability
(Gautschi, 2001; Gautschi et al., 2004), although at larger scales, may be more important (Neuzil,
1994, Eaton et al., 2007).

More recently, argillaceous rock have received more attention from the petroleum industry
regarding the recovery of petroleum fluids from shales. The effects of natural fractures in these
formations have only recently been investigated (Gale and Holder, 2010). Induced hydraulic
fractures have been found to interact with existing natural fractures in shales leading to
development of enhanced permeability (Loucks et al., 2012; Gale et al., 2007; Gale and Holder,
2010). Shales of interest for methane thermogenesis are generally deep, below 2 km, and the
fractures are generally found to be cemented, primarily by calcite (Gale and Holder, 2010;
Demirbas, 2010). However, unmineralized fractures may be important in shallow mudstones
where temperatures are too low for cement growth (Gale and Holder, 2010).

6.1 Observations of Natural Fractures in Argillaceous Rock

A presentation of evidence suggesting that transient, episodic hydraulic fracturing had occurred in
the Mercia Mudstone Group was given by Cosgrove (2001). These mid-to-late Triassic mudstones
consist of illite, chlorite, mixed-layer, and smectite clays as well as quartz, calcium and
magnesium carbonates, calcium sulfates, micas, iron oxides, and halite (Hobbs et al., 2002).
Following deposition, the formation was subjected to burial during an approximately 150 million-
year period of tectonic extension. The maximum burial depth was about 2.4 km. At that point there
was a tectonic inversion resulting in compression and uplift over the next 100 million years to the
present day, where in some locations the Mercia Mudstone is present at the ground surface. At
some of the outcrop locations, the Mercia Mudstone shows signs of hydraulic fracture and fluid
movement through fractures as evidenced by deposition of sand or gypsum precipitate that
preserved the fractures. During the extensional period the higher vertical stress leads to vertical
fractures, opening in the direction of the minimum horizontal stress. Vertical fractures were
preserved by mobilization and filling of at least some of these fractures with sand. Later during
uplift, with high lateral stress caused by tectonic compression, fractures preferentially form in the
horizontal direction against the relatively smaller vertical stress. Sub-horizontal fractures have
been preserved by gypsum precipitate. The cross-cutting relationships between the horizontal and
vertical fractures show that the horizontal fractures occurred later in the process. Furthermore, the
low-temperature conditions required for the formation of gypsum from anhydrite limit the depth at
which gypsum-filled fractures could have formed during uplift. Observations of these later
episodes of fracturing were only seen in the horizons that contained anhydrite, which could mean
that fracturing in other horizons occurred but were not preserved, or could mean that hydration of
anhydrite to gypsum played a role in these more recent fractures. The conclusions reached by
Cosgrove (2001) may be summarized as (1) sedimentary basin sediments are subjected to
hydraulic fracturing as a result of a build-up of excess, abnormal pressure caused by burial
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compaction and tectonic stress; (2) fluids are discharged from the sediments through the hydraulic
fractures to relieve the excess pressure; (3) hydraulic fractures close after pressure is relieved and
evidence of their existence is lost if not preserved by some infilling material; and (4) the process of
hydraulic fracturing can occur at various stages of basin evolution, during both burial and uplift.

A similar process of episodic transient flow through hydraulic fractures in argillaceous rock caused
by abnormal overpressure is proposed by Horseman and Harrington (1996). Because of the greater
capacity for gas to store energy in compression, they find that episodic flow of gasses may be
common. Seabed pockmarks and migration of oil and gas are cited as evidence for such
phenomena.

A somewhat different process of hydraulic fracturing of the leper Clay as a result of abnormal
overpressure is reported by Henriet and De Baptist (1996). Burial compaction is identified as the
cause of overpressure and significant undercompaction of the clay. However in this case, buoyancy
caused by undercompaction of the clay led to a gravitational Raleigh-Taylor instability of the
entire clay body, leading to sediment flow lubricated by the strong overpressure and reduced
effective stresses. As for the case described by Cosgrove (2001), the pressure release and fluid
flow is a transient process that ends when the sediment is further compacted and pressure is
relieved by flow through the fractures.

Beaudoin (1998) reported that fractures in well-stratified Albian and Aptian marls near Bevons in
the south of France are preserved by sedimentary sand dykes. The narrow sedimentary sand dykes
are found to be from 1cm to 1 m thick and up to 250 m long. Beaudoin (1998) concludes that this
case provides further evidence that early fracturing in marls may be expected.

Observations from shales containing natural gas or oil indicate that natural opening-mode fractures
common in present in most mudrocks and act as weak planes that reactivate during hydraulic
fracturing (Gale and Holder, 2010). Smaller natural fractures were found to be sealed but larger
fractures can remain open. The crossover size at which fractures are found to be sealed or open is a
function of the fracture opening rate and the rate cement (e.g., silica or calcite) deposition in the
fractures. Larger fractures that are open tend to occur in clusters with cluster spacing related to the
mechanical layer thickness and a subcritical index, n, that relates to the velocity of subcritical
fracture propagation (Olson, 2004).

Petroleum reservoir leakage through natural fractures in argillaceous caprocks can occur as a result
of overpressure caused by the height of the gas and oil column trapped (Brown, 1999). This is also
evidenced by the fact that petroleum reservoirs frequently have closure heights that exceed the seal
strength height — a sign that caprock leakage has stopped the accumulation of oil and gas (Sales,
1997).

6.2 Flow and Transport through Hydraulic Fractures in Response to
Abnormal Overpressure

The results presented here have indicated that evidence for hydraulic fracturing and fluid flow
associated with abnormal pressure in argillaceous rocks during basin evolution may be quite
limited. Another way to evaluate the role of fluid flow and other transport mechanisms in low-
permeability rock is to analyze natural tracer distributions in pore waters. Three sets of
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information are required to analyze natural tracer data in terms of transport processes (Mazurek et
al., 2011): (1) spatial distribution of tracer concentrations, (2) formation properties that are relevant
for solute transport, and (3) the palaeo-hydrogeological framework to constrain conditions at the
system boundaries over time. Analyses of transport processes in argillaceous formations using
natural tracer data at nine locations are presented by Mazurek et al. (2011). The analyses found
diffusion-dominated transport could explain the data in all cases and in several cases significant
advective transport could be excluded; however, in some cases the effects of advective transport at
a level comparable to diffusive transport could not be definitively excluded. For the analyses
performed by Mazurek et al. (2011) vertical advection is assumed to be constant over time. The
possibility that transient flow through limited, discrete pathways was not included. For transient
flow processes such a pressure relief flow through a hydrofracture, tracer diffusion during the time
period after the event would make it difficult to distinguish from the initial tracer concentration
(Mazurek et al., 2011). Calculations are presented here to consider how tracer concentrations are
affected by transient flow and transport associated with abnormal pressure and hydrofracture for a
hypothetical argillaceous formation.

6.2.1  Model Description

The model domain and properties are shown in Figure 6. A situation in which a single
hydrofracture penetrates a low-permeability argillaceous rock is modeled, using symmetry no-flow
and no transport boundary conditions along the fracture centerline on the left-hand-side boundary
and at the midplane between hydrofractures on the right-hand side boundary. The fracture spacing
is 10 m for a 100-m thick argillaceous rock. A 100-m thick aquifer that is present below the
argillaceous formation. A constant-pressure boundary is used at the top of the argillaceous
formation, representing an overlying permeable aquifer. Overpressure conditions are assumed in
the argillaceous rock and the underlying aquifer at the time of hydrofracture, with normally-
pressured conditions in the overlying zone.

For this analysis, simplifying assumptions are used to set-up the hydrofracture geometry. Key
features of the hydrofracture geometry are the fracture spacing and permeability, however,
predicting these features of hydrofractures are subject to significant uncertainty. A more
fundamental treatment of hydrofracture development requires a combined treatment of hydro-
mechanical and fracture damage processes.
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Figure 6. Domain diagram for hydrofracture pressure relief flow and transport.

The rock properties given in Figure 6 are loosely based on values for the Opalinus Clay at Mont
Terri and Boom Clay at Mol (Houseworth and Persoff, 2012).

The aquifer and shale are initially overpressured by 2 MPa and the top of the shale is at a depth of
500 m, and the zone above the shale has a fixed hydrostatic pressure of 4.9 MPa. The overpressure
is roughly based on a saturated bulk density of 2450 kg/m® giving a total overburden pressure of
about 12 MPa at the top of the shale and the coefficient of earth pressure at rest given by Equation
(8). A Poisson’s ratio of 0.25 and tensile strength of zero is used for the shale. This information
can be used to determine the lateral effective stress. The lateral effective stress plus the tensile
strength is the fluid overpressure target for generating a hydraulic fracture.

A tracer mass is distributed throughout the aquifer that begins to move by advection and diffusion
at time zero when the hydrofracture opens. The tracer mass diffusion coefficient used is 5x10™
m?/s, which is based on Mazurek et al. (2011) for the Opalinus Clay at Mont Terri. The calculation
is carried out using TOUGH2-EOS7R (Oldenburg and Pruess, 1995).

A refined grid is used around the fracture because studies reported by Liu et al. (2012) show that
fine gridding is needed to accurately capture fracture-matrix diffusive transport processes. The grid
uses discretization shown in Table 2. The fracture zone has a half-width of 0.015 m and the first
matrix grid elements along the fracture have a lateral dimension of 0.002 m. While the vertical
dimension for most of the cells is 0.5 m, fine gridding is used again at the top and bottom of the
shale and top of the aquifer to more accurately capture diffusive exchange.
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Table 2. Grid dimensions.

Lateral 0.015 0.002 | 0.004 | 0.008 | 0.016 | 0.032 | 0.064 | 0.128 | 0.256 | 0.512 | 0.963 | 1(3)
dimension | (fracture)
(m), left to
right
across
domain —
shale and
aquifer

v

Vertical 0.002 0.004 | 0.008 | 0.016 | 0.032 | 0.064 0.128 | 0.256 | 0.490 | 0.5
dimension > (196)
(m)topto [70.490 0.256 | 0.128 | 0.064 | 0.032 | 0.016 | 0.008 | 0.004 | 0.002
bottom
across
shale

A

Vertical 0.002 0.004 | 0.008 | 0.016 | 0.032 | 0.064 0.128 | 0.256 | 0.490 | 1(9) 2(5) 5(2) 10
dimension (7
(m) top to
bottom
across
aquifer

v

Note: numbers in parentheses represent the number of adjacent cell dimensions that are repeated.
Arrows denote direction of top to bottom and left to right.
6.2.2  Fracture Flow and Pressure Distributions

The initial pressure distribution is shown in Figure 7, where the top of the shale is taken to be at
500 m total depth.
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Figure 7. Initial pressure distribution.
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The fluid flow from the fracture into the overlying formation is shown in Figure 8. There are three
distinct periods in the fracture flow rate that can be interpreted through the dynamic pressure
distribution, also shown in Figure 8 at several points in time. The dynamic pressure is the total
pressure minus the hydrostatic pressure, which is the same as fluid specific weight of water times
the piezometric head. This way of displaying pressure isolates the pressure variations associated
with fluid movement.
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Figure 8. Flow rate in the fracture at the top of the shale and piezometric head evolution during
depressurization. Note that the pressure contour plots are highly compressed in the vertical
direction.
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During the initial flow period that lasts approximately four months, the underlying aquifer pressure
is being rapidly depleted. Flow through the aquifer to the fracture causes only minor pressure loss
because of the high permeability of the aquifer. Therefore, the aquifer acts like a homogeneous
“pressure tank” that depletes as flow is discharged. Flow rates along the fracture during the initial
period are nearly constant spatially because most of the flow enters the fracture from the aquifer
and is discharged at the top of the shale into the overlying formation. As can be seen by 128 days,
there is little excess pressure remaining in the aquifer. However, the further decline in the flow rate
is moderated by the much slower decline in pressure for the shale. The shale pressure depletion
period lasts about 30 years. During this period, fracture flow is supplied mainly by lateral flow
from the shale. The flow rate along the fracture builds up from the base to the top of the shale.
During the final period beyond 30 years, very low flow rates are supplied by both the aquifer and
the shale as the remnants of excess pressure dissipate.

6.2.3  Solute Transport from the Aquifer

The aquifer may contain solutes that distinguish the aquifer pore water from the shale pore water.
One example of this presented in Mazurek et al. (2011) is for the Opalinus Clay. Both bounding
aquifers and the Opalinus clay were deposited in seawater such that the initial pore waters
contained high levels of chloride relative to meteoric water. After a long period of burial and
uplift, the upper aquifer was exposed at the surface to meteoric water inflow which caused a sharp
decline in chloride concentration in the aquifer. Chloride levels in the shale pore water remained
high because of the extremely low flow rates that occur in the low-permeability shale. However,
the change in chloride concentrations at the shale-aquifer boundary initiated chloride diffusion out
of the shale which is ongoing still at this time. A similar change in pore-water chemistry occurred
in the lower aquifer as a result of erosion and intrusion of meteoric water several million years
after the change in the upper aquifer.

In the calculation performed here, an initial concentration of solute is assigned to the aquifer with
zero concentration in the shale as an initial condition. For chloride, it would be more likely to have
initially high concentrations in the shale and low concentration the aquifer as discussed above.
However, this could represent a case in which a recent exposure of the lower aquifer to meteoric
recharge carries a higher concentration of some tracer (e.g., isotopes) than present in the shale or
upper aquifer. Solute is transported by advection and diffusion through the domain in response to
concentration gradients and the hydrofracture-induced flow patterns. The pore diffusion coefficient
used, D, is 1x10™* m?s.

Figure 9 shows the evolution of a solute initially present in the aquifer as it spreads into the shale
through diffusion and advection and is also discharged into the overlying formation. At early times
during flow through the hydrofracture, solute from the aquifer is confined to a very narrow zone
around the fracture. In Figure 9, after 308 years, a relative concentration of 0.01 of aquifer solute
has moved about 0.5 m from the fracture. At longer times, only lower solute concentrations occupy
large sections of the shale. By 19,000 years, lateral variations in the solute concentration pattern
associated with the hydrofracture flow have been lost. However, there is a residual concentration
on the order of 0.001 remaining throughout most of the shale. Note that the transport of solute
from the fracture across the shale occurs despite the advective flow pattern that would tend to
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move solute back towards the fracture. Most of the solute redistribution laterally occurs during the
third stage of the flow event where solute transport is dominated by diffusion.

The one-dimensional solute concentration profiles along the hydrofracture, also given in Figure 9,
show a comparison of these profiles with an analytical solution for one-dimensional diffusion. At
early times, the analytical solution is closely approximated by,

1 1 f(z+100)
c=gs—serf|—
2 2 \2Dt

where c is the relative concentration and D is the diffusion coefficient. As can be seen, the solute
concentration for the more complex numerical solution is closely matched by the analytical
solution at high concentrations, and deviates from this only for solute concentrations of 0.03 at 308
years. The solutions continue to converge until the profile is one-dimensional by 19,901 years and
the residual discrepancy between these solutions is limited to relative concentrations on the order
of 0.001. This is a test of the system.
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Figure 9. Relative concentration contours of aquifer tracer at four times after initiating
hydrofracture flow. Note that hydrofracture flow has virtually ceased even at the first time shown
here (308 years — see also Figure 8). Inset with each contour plot shows vertical concentration
distribution along fracture along with analytical one-dimensional diffusion solution.
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Therefore, the main long-term effect of solute introduced is to increase the apparent background
concentration of solute from the aquifer in a process that could be described as “hydrofracture
injection”.

6.2.4  Hydrofracture Injection

Given the behavior of solute transport through hydrofractures, one possible way to simplify the
analysis of hydrofracture solute movement is to neglect the transient transport that occurs as a
result of the hydrofracture and treat the effects as a time-dependent, distributed source-sink term.
As a first approximation, the source-sink term could be treated as proportional to the difference
between the local solute concentration in the shale pore water, ¢, and the solute concentration of
the injected aquifer water, c,,, through an empirical rate constant, a(t). The resulting solute
transport equation is,

ac d%c
_ —_ = D— 25
5t + a(t)(c caq) D 372 (25)

This equation is applied to a finite, one-dimensional domain from z = 0 to z = £. The specific
case to be examined here is c(0,t) = c({,t) = 0, ¢4q = 0, and c(z,0) = ¢,. This implies that at
some time in the past (¢t = 0 in this model), solute concentrations in both upper and lower aquifers
decreased from c, to zero. A non-dimensional form for (25) is,

9¢  a2¢
5= 5 (26)
with £(0,0)=0; 2(1,7)=0;¢(0) =1, where t=2% ¢=% R() =" and ¢=

éexp (fot R(7) dr). The solution is obtained from Carslaw and Jaeger (1959, Section 3.3),

t

c(f,r)=% coexp| — j R(T) dt ZIeXp{_(ZZZI;)Z"ZT}sm{(zn+1)ne}l @7)
0 n=0

The solution is identical to a case without direct injection (R = 0), if the initial concentration of
solute in the shale pore water is taken to be cyexp (— fOtR(r) dr). Because the initial

concentration in the shale pore water can only be estimated indirectly, it may be difficult to assess
the relative contributions of direct injection and diffusive transport based on solute profiles.

6.2.5 Solute Transport from the Shale

The hydrofracture flow process can also displace solutes present in the shale. The scenario
presented in Figure 10 is for solute present in the first matrix grid cell immediately adjacent to the
fracture at a vertical position in the middle of the shale (see Table 2). The same flow rate graph
through the fracture is plotted here as shown in Figure 8. What is seen is that tracer located close to
the fracture can be rapidly mobilized and discharged from the shale. Nearly the entire tracer
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mobilized by hydrofracture flow occurs during the first phase of the flow profile, roughly during
the first 100 days. Because of the quick decline in flow rate, the only tracer that can be effectively
discharged by this mechanism is tracer close enough to the fracture so the solute can diffuse to the
fracture over this time period. Although there is matrix flow towards the fracture, this mechanism
is weak relative to diffusion. The length scale corresponding to diffusion over a 100-day period is
~V/Dt, or about 0.01 m. Therefore, solute within the shale impacted by hydrofracture flow tends to
be restricted to extremely narrow regions in the immediate vicinity of the fractures. This result
could change if the hydrofracture remains open for extended periods (for example if filled with
mobilized sand) and other, longer-term driving forces for flow across the shale were present.
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Figure 10. Tracer transport from matrix cell adjacent to fracture at mid-depth in the shale to
overlying aquifer.

7. CONCLUSIONS

Abnormal pressure is commonly found in associated with low-permeability horizons such as
argillaceous rock. Abnormal pressure can result from a wide variety of mechanisms related to
normal diagenetic processes of the argillaceous rock itself or from external factors such as tectonic
compression. Regardless of the source of pressure, the low permeability characteristic of
argillaceous rock cannot readily transmit and dissipate excess pressure resulting in the potential for
a build-up of abnormal pressure.

Mechanical damage caused by abnormal pressure is more likely to result in overconsolidated
conditions and the resulting brittle fracturing conditions because of the general lowering of
effective stress that accompanies abnormal pressure. Empirical relationships between vertical and
horizontal rock stress appear to reduce differential stress under conditions of abnormal pressure,
which allows for a greater build-up of abnormal pressure and increase the likelihood of tensile
fracturing than shear fracturing. Several aspects of shear fracturing, ductile versus brittle
conditions, and shale smear during shear fracturing tend to reduce the hydrogeologic effects of
shear fractures, although permeability enhancement in shear fractures has also been demonstrated.
By contrast, tensile fractures resulting from abnormal pressure, also called hydrofractures, are
expected to enhance permeability for as long as the fractures remain open.
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Evidence of natural hydrofracturing in shales exists and shows that flow and transport can occur
through hydrofractures. In cases where such transport processes lead to some type of mineral
deposition in the fractures, evidence of the hydrofracture process can be preserved. If
hydrofractures are not preserved by such deposition, the evidence for such fracturing may be
absent. Consideration of flow and transport in response to hydrofracturing for an overpressured
aquifer and overlying shale shows that the flow event occurs in three stages. The first flow stage
results in rapid depressurization of the underlying permeable aquifer. The second flow stage is
dominated by depressurization of the shale. The final flow stage is a combination of remnant
excess pressure in the shale and aquifer. Solute present in the aquifer at concentrations that
distinguish it from the shale pore water invades the shale along the fracture and disperses laterally
between hydrofractures by diffusive transport. The ultimate solute concentration distribution
returns to a vertical one-dimensional profile caused by large-scale vertical solute diffusion. While
diffusive transport erases specific patterns associated with hydrofracture transport, the apparent
background solute concentration is shifted across the shale in a process termed hydrofracture
injection.

The rapid transient flow characteristic of hydrofracture depressurization during the first flow stage
means that transport of any solutes present in the shale by this flow is restricted to solutes that are
located in the immediate vicinity of a hydrofracture. The second and third flow stages appear to be
too weak to significantly impact solute transport. Solute that lies within a narrow region close to a
hydrofracture can be rapidly transported from the shale to overlying aquifers over a timeframe of
days but solute present throughout most of the shale away from the hydrofractures will not be
affected significantly.

These findings suggest that it is important to characterize the mechanical characteristics of the
formation as well as potential sources of abnormal pressure when selecting sites for radioactive
waste disposal. Mechanical characteristics are affected by current stress conditions, mineralogy,
and diagenetic history. Assessing the past behavior of an argillaceous formation with respect to
hydrofracture occurrence is problematic because of fracture self-sealing and clues left by tracer
transport may be difficult to identify. However, a shift in the background concentration from
expected levels may be an indication of such activity. Hydrofracture flow and transport
mechanisms need to be further investigated for potential impacts on performance assessment.
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