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Understanding the coupled evolution of fault friction and permeability is essential for assessing
seismic risk, reservoir stability, and caprock integrity. Fault slip alters permeability by opening or
sealing fluid pathways, linking frictional behavior to subsurface fluid transport. This review synthesizes
findings from theoretical models, experiments, and numerical simulations to elucidate the seismicity-
permeability coupling behavior of faults. Key factors influencing this coupling include fault mineralogy,
roughness, and temperature, as well as geological settings and fluid injection strategies. Fault gouge
plays a dominant role in controlling seismicity-permeability interactions in mature faults, while rough
surfaces govern these behaviors in incipient faults. Scaling relationships derived from laboratory
studies link frictional weakening to permeability changes, offering predictive tools for subsurface fault
behavior. Understanding these processes provides critical insights into fault stability, seismic
potential, and fluid transport and offers valuable guidance for managing induced seismicity and

optimizing subsurface activities.

In recent years, the rapid growth of hydraulic stimulation and fluid injection
for energy extraction and underground storage has renewed interest in how
these activities affect the physical state of the subsurface—especially the
development of connected porosity and permeability. Understanding how
fluids move through faults—that is, understanding fault permeability—is
essential for predicting how faults respond to injection and to crustal stress
changes that occur during the seismic cycle'™. These insights provide
understanding for natural earthquakes and support energy extraction and
subsurface storage applications, including CO, sequestration, wastewater
disposal, and hydrogen storage’™"". Fault slip across different scales may be
manifest as seismic or aseismic'"'* depending on the morphology of the
fracture and fault surface', mineralogical composition'*"”, temperature''",
and the stiffness of the host rock surrounding the fault™’. Fault slip—whether
seismic or aseismic—is closely coupled to poromechanical processes such as
dilation and compaction within the fault zone’' ™. These changes in pore
structure dynamically affect pore-fluid pressure, which can either stabilize
the fault or promote slip instability and dynamic rupture. Recent modeling
efforts show that fault weakening can be driven by rapid self-pressurization
of fluids during shear, while subsequent rupture propagation is sustained by
pressure waves within a fluid-saturated, deforming fault zone™. In this
interaction, static features of fault systems evolve over time, and various

seismicity-permeability coupling responses emerge. This review synthesizes
experimental and numerical studies of the coupled evolution of friction and
permeability in individual fault zones. We aim to (1) evaluate how fault slip
enhances or reduces permeability, (2) assess fluid leakage and sealing
behaviors of faults, and (3) improve understanding of seismicity linked to
fault-fluid interactions. These insights stem from both natural and induced
earthquakes, with the latter forming the primary focus. The two types of
earthquakes exhibit significant differences in temporal scale and causation,
but share a common theoretical framework. To structure our review, we
consider four key aspects that govern the coupling between fault friction and
permeability evolution.

We begin by examining the geological and mechanical characteristics of
fault zones, which play a central role in regulating both slip behavior and
fluid transport. Fault attributes such as mineralogy, surface roughness, and
structural maturity evolve over time and are fundamental in determining
whether deformation leads to dilation and permeability enhancement or to
compaction and sealing. These properties are especially relevant for
understanding the different responses of incipient versus mature faults.

Next, we explore the scaling relationships that link fault slip stability to
permeability evolution. Theoretical models and laboratory data suggest that
measurable frictional parameters—such as those derived from rate-and-
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state friction (RSF) laws—correlate with fault dilation or compaction and
thus can be used to predict permeability changes. From a laboratory per-
spective, the scaling relationships do not account for the permeability
changes resulting from varying effective normal stress. We assess their
applicability in laboratory simulations and potential extensions to field-scale
observations.

We then focus on the key physical controls that modulate the
seismicity-permeability coupling, including mineral composition, tem-
perature, and fault surface roughness. These factors influence both fault
strength and the evolution of the pore network during shear. Their effects
are systematically investigated in laboratory experiments and numerical
simulations. Understanding how these variables interact is essential for
interpreting the contrasting behaviors observed across fault types and
geological settings.

Finally, we consider how fault slip and permeability evolve throughout
the seismic cycle. Particular attention is given to the dynamics of fault
reactivation, transient permeability enhancement, and fault valving pro-
cesses. A review of the two-way coupling between faults and fluids during
seismic cycles provides complementary insights beyond those offered by
scaling relationships. These behaviors have potential implications for
induced seismicity and for the long-term hydraulic integrity of caprock
systems. By synthesizing recent observations and models, we highlight how
the coupling between shear deformation and fluid flow shapes fault evo-
lution across a wide range of timescales.

In this review, we use RSF as a practical proxy for seismicity, reflecting
the tendency of a fault to either accelerate (unstable slip) or stabilize (creep)
under shear loading. While fault slip stability can also be governed by more
complex physical processes, rate-and-state parameters provide a consistent
and experimentally validated framework for interpreting fault behavior in
laboratory and numerical studies” . In this context, RSF laws offer a
practical and physically grounded way to characterize fault stability under
shear and to distinguish between stable and unstable fault slip. In contrast,
permeability is an explicitly measurable property that evolves with defor-
mation and is commonly assessed using experimental or numerical meth-
ods described in the literature. In this review, we focus on individual fault
systems bounded by low-permeability host rocks. This simplified fault
geometry—a single fault flanked by low-permeability host rocks—reflects
the dominant setup used in laboratory experiments and numerical models.
It allows for controlled investigation of friction-permeability coupling
without the added complexity of interacting fault networks or high-
permeability damage zones. This simplified configuration can represent

either incipient faults with bare interfaces or mature faults with gouge-filled
cores but limited damage zones™ .

To avoid ambiguity in terminology, we distinguish between faults and
fractures as follows: faults are discontinuities that accommodate shear dis-
placement, while fractures refer more broadly to cracks or voids in the rock
mass, regardless of whether they slip. In particular, we use the term cracks to
describe tensile-mode fractures where failure occurs through normal
opening rather than shear—a process often associated with microseismicity
in response to elevated pore pressure. These distinctions are essential for
interpreting permeability evolution in existing faults, as shear-induced
dilation along faults differs markedly from permeability changes due to
tensile fracturing.

Finally, we emphasize the importance of fault maturity in shaping both
mechanical behavior and fluid flow. Incipient faults - often characterized by
rough, bare rock interfaces—exhibit different deformation and permeability
responses compared to mature faults with well-developed gouge zones. The
degree of maturity influences whether strain localizes along discrete surfaces
or is distributed across a granular layer, which in turn controls the efficiency
of compaction, dilation, and fluid pressurization. Recognizing these
maturity-dependent behaviors is key to understanding how fault perme-
ability evolves during both seismic and aseismic slip.

Geological settings of faults

Mineralogy

The Earth’s crust exhibits mineralogical heterogeneity across spatial scales
and contains a diverse array of mineral constituents, with approximately
twenty primary components constituting its predominant composition. For
natural strata, the diversity of minerals in rocks is manifested through three
geological dimensions: lateral continuity, vertical stratification, and burial
depth. For example, phyllosilicates, tectosilicates, and carbonates are com-
mon in shale gas reservoirs”. Taking the Longmaxi Shale in the Sichuan
Basin as an example, all 27 outcrop samples collected on a fault ramp are
mainly composed of the three types of minerals mentioned above, and the
mineral contents vary widely with sample ID (Fig. 1)”. Enhanced geo-
thermal systems are mainly composed of granite, skarn, marble, tuff, and
granodiorite” . Carbonate rocks are excluded from these systems because
these rocks may undergo hydrothermal reactivation, potentially sealing
fluid networks through mineral precipitation””. The characteristics of
rocks determine the function of reservoirs. Shale rocks store organic matter
deposited in anoxic environments, which is later converted to hydrocarbons
through burial and thermal maturation, while geothermal reservoirs rely on
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Fig. 1 | Schematic diagram of fault heterogeneity from a mineralogical perspective. Schematic geological section of the Longmaxi Formation and shale outcrop sampling
locations, with a heat map of mineral components below to demonstrate mineral heterogeneity of a specific fault™.
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permeable rocks (e.g., cracked granite) to enable fluid circulation, trans-
ferring heat from deep sources (e.g., magma or radiogenic heating) to the
surface’*. Other reservoirs for gas storage include salt caverns, under-
ground aquifers, abandoned oil and gas fields, and mining pits. In addition
to reservoir rocks, caprocks with low permeability and their ability to
withstand displacement pressure, which is necessary to force hydrocarbons
into the pore space of rocks, are indispensable for a complete reservoir"'.
These functional requirements constrain the type of rocks in the caprocks
and reservoirs. The permeability of a rock under unconfined conditions is
directly determined by its existing pore structure. The minerals influence the
pore structure of a rock during its diagenesis, e.g., rocks enriched in clay
minerals are more prone to form smears, whereas those with a lower clay
content are prone to form sandstones and form foliations only under
extremely high stresses and temperatures®.

In addition to the influence on permeability, numerous experimental
studies have confirmed that the mechanical response exhibited by minerals
also determines the discrepancy in the frictional properties of faults" ™.
Owing to the structural diversity of mineral lattices, relatively “weak”
minerals would be easily activated and then deform more drastically com-
pared to ‘strong’ minerals under the same stress conditions in which weak
minerals may form a barrier reducing the fluid conductivity of faults"***".
Frictional stability also provides essential insights into seismicity-
permeability coupling as it relates to fault dilation and compaction™.
Experimental observations reveal that identical materials can exhibit dif-
ferent velocity-dependent behaviors when conditions, such as temperature
and velocity, change. The velocity-strengthening behavior in phyllosilicate-
rich gouges could switch into a velocity-weakening state when slip velocity
increases to ~1 m/s*. Recent studies indicate that this pattern is inconsistent
with some dry material showing relatively high frictional strength®”*. The
compositional heterogeneity may also influence the seismicity-permeability
responses of faults, as heterogeneous faults show different friction properties
and microstructures than homogenous faults™ ™",

Structure

Faults are the product of crustal movements and, as weak and broken parts
of the intact crust, fault zones play an essential role in storing fossil fuels and
greenhouse gases as well as being important conduits for subsurface
fluids’**"*. The development of fault systems allows for the release of stress
concentrations in the Earth’s crust, and the developed systems may alter the
mechanical and hydrogeological properties of the crust®. Fault cores are
typically low-permeability, low-strength components of fault systems,
whereas damage zones exhibit larger permeability and transitional strength
values between those of protolith and fault core. In individual fault systems,
the three main structures, the fault core, the damage zone, and the protolith,
may show different pore structures and mineral compositions, resulting in
differences in their hydraulic responses”. Multi-fault systems are more
structurally complex, where there are multiple high-strain deformation
bands and potentially interconnected damage zones®. Despite the presence
of discrete fractures and deformation bands, two key factors, fractures as
channels and gouges as barriers, control the mechanics and hydrology of the
fault zones, and their spatial distribution will influence the seismicity-
permeability coupling behavior®”.

Most studies of seismicity-permeability coupling focus on individual
fault systems, and these studies simplify the realistic fault structure as a shear
interface and focus attention on the roughness of this interface””". This
simplification is validated by the successful reproduction of seismic patterns
regardless of whether the faults are simulated by using bare surfaces or fault
gouges””". Shear experiments have shown that abrasive materials fill faults
and potentially block the fluid migration apertures™. Firm particles can
transiently open the laboratory faults, whereas sustained shear causes the
abrasive material to thin out and form gouges that continuously reduce the
fault’s conductivity"'. Thus, the hydraulic properties of the two fault types
(mature faults and incipient faults) are quite different, which requires
additional assumptions and hydraulic parameters to characterize them. A
common example of this is the flat panel model mentioned in this paper.

Multi-fault systems are common in nature, and the diversity of structures
complicates the coupling behavior of seismicity and permeability. Studies of
multiple faults have focused on fault interactions, which are based on geo-
logic observations and data analyses that do not allow for the simultaneous
acquisition of friction and permeability evolution data’”®. Therefore, our
main focus is on the seismicity-permeability coupling behavior of individual
fault systems. Rock-bridge experiments provide a viable method for simu-
lating fault interactions by subjecting pre-cracked rock specimens to con-
trolled mechanical loading, where the progressive failure of intact rock
segments between artificial cracks mimics natural fault linkage processes”".

Size

Fault dimensions—including fault plane length, width, core thickness, and
damage zone thickness—play a fundamental role in controlling the
mechanical interaction between faults and their surrounding host rocks.
Accurate characterization of these dimensions is crucial for constructing
realistic numerical models, especially in contrast to earlier approaches that
relied heavily on stochastic or idealized geometries” . Much effort has been
invested in studying fault outcrops and establishing underground tunnels to
observe fault characteristics**. The dimensions of faults are spatially and
temporally variable. It is clear from the compiled data that the maximum
dimension, which is the maximum length of the fault plane perpendicular to
the slip direction, increases in an approximately linear relationship with
displacement while discrepancies emerge between the datasets for faults at
different scales”’. Geological factors that may result in a departure from
linearity include the structural development of the faults. It is worth noting
that the slipped surfaces are not ideally regular shapes, and the intersection
of faults or the subjective nature of sampling makes it challenging to
accurately define the fault dimensions, as does distinguishing the bound-
aries between the fault core and the damage zone.

Calculation of seismic moments based on dislocation theory is related
to the fault size®. The fault is usually treated as an approximate rectangular
or circular fault, and the stress drop is assumed to be constant. The seismic
moment M, at mean displacement Au (or dislocation) is then calculated as
Eq. 2.1 (Fig. 2):

My = AGAu = VAT = VGy 2.1)
Where A presents the reactivated fault plane area, and G is the shear mod-
ulus. Au denotes the mean displacement, and V marks the affected volume of
the fault zone. A7 is the constant stress drop, and y is the shear strain.

In general, the size of the slipped fault zone is typically calculated based
on the measured moment and Eq. 2.1. Although fault dimensions are often
difficult to constrain in field settings, the volume of injected fluid is typically
well known. Under the assumption of a saturated medium with limited pore
pressure diffusion, McGarr established a direct link between fluid injection
volume and induced seismicity”. Specifically, his model relates cumulative
seismic moment to changes in pore pressure, providing a way to estimate the
total seismic energy release over time based on the injected volume™. Building
on this framework, McGarr also proposed a relationship between maximum
earthquake magnitude and injected volume derived from the Gutenberg-
Richter distribution®. By assuming that only one event corresponds to the
maximum magnitude, this framework predicts that the maximum possible
magnitude scales with injected volume, irrespective of fault size.

In parallel, Shapiro and colleagues proposed a seismogenic index to
assess seismic hazards from injection operations™. Unlike McGarr’s
mechanistic model, this is a statistical approach based on observed seis-
micity rates and Gutenberg-Richter parameters, making it less sensitive to
geological uncertainties such as fault geometry or rock properties™. More
recent studies that incorporate fault rupture physics™”* have shown that
both the total seismic moment and the maximum magnitude scale with
injected volume following a power-law relationship with an exponent of
~1.5—in contrast to the linear (exponent=1) scaling proposed by
McGarr”. The similarity lies in the fact that the model, integrating the full
poromechanical effects, reflects the dependence of the maximum
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Fig. 2 | Relationship between seismic moment and
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magnitude event on the fault size, while McGarr’s model, only considering
skeletal deformation, reflects this dependence indirectly through the volu-
metric upper limit of the injected fluid regarding a given stress state and total
volume®™™. The differences between the models highlight how different
assumptions about pore pressure diffusion, fault activation, and rupture
dynamics can significantly alter the inferred relationships between fluid
injection and induced seismicity.

Pressure and temperature conditions

Crustal stress and temperature history are major factors influencing the
transformation of crustal minerals; e.g, montmorillonite undergoes a
smectite-to-illite transformation in the 100-120 °C range”. The effect of
temperature-stress conditions on the seismicity and permeability of faults,
respectively, has been extensively studied'*">*""". The critical stiffness equa-
tion, described in detail in the next section, suggests that an increase in effective
normal stress favors seismicity, while temperature effects have been shown to
alter the thermal activation process and healing mechanism of fault
friction”'®. Similarly, at higher effective normal stresses, the transition from
brittle deformation to plastic deformation is favored, which promotes the
sealing process of the fault and reduces the fault permeability faster'**'**, The
corresponding healing mechanisms at different temperatures change fault
microstructures and alter their permeability, and in addition, high tempera-
tures will induce thermal cracking to promote increased permeability”'”.
Although the independent effects of stress-temperature conditions on seis-
micity and permeability are well established, the coupling may not be a linear
superposition of the two. We review the stress and temperature effects on the
seismicity-permeability coupling behavior of individual faults in later sections.

The scaling relationship between seismicity and
permeability

Rate-and-state friction

RSF laws were first proposed by Dieterich et al °. In order to model
velocity-dependent friction and static healing, RSF laws were proposed to
describe the dependence of frictional resistance y on slip velocity (V) and an
evolving state variable (). The most widely used form is'”"'*,

|4 V,0
o) on()

Where y, is a constant appropriate for a steady-state slip at velocity V, V is
the slip rate after any perturbation. D_ is the shear distance required for
friction to re-stabilize and is known as the critical slip distance; 0
characterizes the frictional state of the fault'”’. Parameters a and b are
empirical constants.

Differential equations for the state variable proposed based on various
theoretical approaches make important differences between these RSF laws.

l 106-10

(.1)

Dieterich proposed the aging effect of contact, where the state variable

increases when the slip velocity is zero'>'",

d_, Ve 02
dar D :

C

Ruina proposed a different evolution law in which velocity and slip

were of primary importance'”’,

e ve In ¢ 33)
ad~ D, \D, ’
For steady-state sliding, each of the laws gives
Ay
—b= ss 3.4
b AlnV -4)

Where Ap represents the difference between two steady-state frictional
coefficients, and AlnV represents the logarithmic difference in two
corresponding velocities. From the above equations, (a — b) values could be
determined in order to evaluate the frictional stability of faults (Fig. 3a).
Positive values of (a — b) indicate that fault slip tends to self-stabilize. Negative
values of (a — b) indicate that the fault slip tends to accelerate, and instability
occurs if the critical stiffness is greater than the system stiffness. Based on the
one-dimensional spring-block theory, if the frictional resistance decreases
faster than the spring unloads, the block accelerates due to unbalanced forces,
and friction instability occurs. In slow velocity (~pm/s) friction experiments,
stick-slip behavior arises when the system stiffness K is less than the critical
stiffness K, which is given by the following equation'”:

_ogb—a)
< D

C

K<K (3.5)

Where 0 is the effective normal stress, b — a, and D, are the same para-
meters in Eq. 3.1. The above equations suggest that high stresses, short
critical slip distances, and pronounced velocity-weakening behaviors are
more conducive to the generation of large unbalanced forces as well as
violent earthquakes.

The debate continues over the correctness of the aging law and the slip
law, and these laws exhibit quite different patterns in describing the process
of earthquake nucleation''"''”. For the time being, the aging law and slip law
are still widely used since they fit the friction data of laboratory experiments
well'*™"'. In order to get a proper understanding of the friction response of
natural faults, researchers analyzed the frictional responses for a wider range
of materials and parameters and tried to optimize the original RSF
laws”"7'". In a subsequent development, the Chen-Niemeijer-Spiers
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Fig. 3 | Friction evolutions for two types of low- A A
velocity friction experiments. a Velocity step Vo V>Vo Vo V=0 Vo
experiments. b Slide-hold-slide (SHS) experiments. 5 =
5 g bin(V/Vo) é
= z _ _ = A
§ © Velocity strengthening g Atn
@ Velocity neutral o]
K] i) Ape
= Dc Velocity weakening T
Slide Hold Slide
Time/shear displacement ” Time ”
(a) (b)

(CNS) model was proposed to describe the microphysical behavior of
granular friction, and this model is capable of explaining the evolution of the
RSF law variables”'*>. The temperature dependence of the frictional
strength can be integrated into the RSF laws and the CNS model by intro-
ducing activation energies and stress power exponents to describe the inter-
competing healing mechanisms”'*’.

Another avenue of research on RSF laws is to characterize fault friction
behavior during the inter-seismic period, which has important implications
for fault reactivation and earthquake recurrence'*"'?’. The evaluation of the
fault healing rate is important in understanding the entire seismic cycle'”’.
The frictional healing degree (Ay) (Fig. 3b) is defined as the difference
between the peak friction coefficient subsequent to the hold and the steady-
state friction coefficient prior to the hold®. In contrast, the frictional
relaxation (Ap.) is typically determined from the steady-state friction
coefficient by subtracting the minimum friction coefficient during the hold
(Fig. 3b). The frictional healing rate () and frictional relaxation rate (_) are
both logarithmic functions of the hold time*. A larger healing rate implies
that the fault will be reactivated with a larger stress drop and result in faster
rupture propagation in the same time interval*’. The healing process of
faults can also be fitted by two different evolution laws. Once shear loading
has ceased, fault healing due to processes such as compaction is defined as
the evolution of the state variable,

6, + A0
; ) (3.6)

M=Mo+bln(
0

In the above equation, 8, is a reference state variable in the steady state
slip before shear ceases, while Af is the change in the state variable during
the healing process and is determined by one of Eqs. 3.2 or 3.3. The fitting
equation from the laboratory results is in agreement with the friction law'*,

+50)
tC

In this equation, £ represents the cut-off time for the healing effect, Aty is
the healing duration, and 3, denotes the healing rate and is of the same order
of magnitude as the b value. At steady state, the value of the state variable
depends on both the critical slip distance D, and the prior slip velocity V,. Asa
result, the healing behavior of a fault during the inter-seismic period may be
influenced by the fault’s previous slip history'*’. While the aging law provides a
great match to velocity-step data in laboratory experiments, its predictions for
frictional healing during slide-hold-slide experiments are less accurate. Spe-
cifically, the theoretical healing curves derived from the aging law fail to
reproduce key features of experimental data, such as the frictional evolution
during the hold phase and the re-strengthening that occurs just after sliding'”’.
These discrepancies suggest that the theoretical models do not fully capture the
physical processes active during healing. Further examination of this mis-
match found that the slip law, rather than the aging law, provides a better fit to
experimental observations'”. In particular, the slip law more effectively cap-
tures the behavior associated with large velocity steps and the recovery of

Ap =, ln(l (3.7)

frictional strength during healing, offering improved agreement with labora-
tory data across a range of loading conditions.

Traditional RSF laws describe how friction evolves with slip velocity
and a state variable that reflects the maturity of contact surfaces, but they
typically assume constant normal stress. Fault responses to varying normal
stresses have been investigated by introducing a step or pulse variation of
normal stress. This response is purely mechanical in nature, as no fluids are
involved, and the change in shear stress results from two ways: (1) elastic
coupling between normal stress and shear stress; (2) state variable variations
caused by normal stress changes'*’. However, in fluid-saturated fault zones,
deformation also modifies porosity, which in turn alters pore fluid pressure
and therefore effective normal stress. Recognizing this limitation, Segall and
Rice proposed a constitutive framework that couples RSF with porosity
evolution and pore pressure dynamics, providing a more realistic descrip-
tion of fault behavior during shear™".

As illustrated in Fig. 4, the model introduces a feedback loop between
shear slip, porosity changes, and pore pressure evolution. When shear
begins, the fault zone may undergo dilatancy, increasing pore space and
thereby reducing pore fluid pressure under the undrained condition'*"".
This pressure drop raises the effective normal stress and temporarily sta-
bilizes the fault, suppressing acceleration'’>'”. Conversely, if the fault
compacts during shear—such as when granular material collapses or pore
space closes—the reduced porosity leads to fluid pressurization, which
lowers effective normal stress and promotes further slip”>"**'**. This feed-
back can lead to rapid weakening and even dynamic rupture, depending on
the rate of slip and the hydraulic diffusivity of the medium.

Assuming that there exists a steady state porosity ¢, at which the slip
velocity of the fault is V, the porosity evolves as a function of velocity:

dp vV 14
a=p (o= w-an(3))

Where epsilon ¢ is the dilatancy coefficient (distinct from the scaling coef-
ficient e introduced later). Here, ¢ and ¢, represent the porosity at velocities
V and V, respectively, and D, is the critical slip distance.

Pore pressure evolution during Darcy flow is calculated based on
conservation of fluid mass. By neglecting full poroelastic coupling—that is,
disregarding the influence of fluid pressure variations on rock deformation
and focusing on the fluid diffusion, the pore pressure evolution equation is™":

(3.8)

1d¢
5

%Zl_gb(o_ f)

i (3.9)

Where p; denotes the pore pressure within the fault zone, p,, is the pore
pressure in the surroundings, and f is the pore compressibility. The fluid
diffusion time scale ¢, is given by:

LZ
D

t, = (3.10)

Communications Earth & Environment| (2025)6:918


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02838-5

Review article

Where D is the diffusion coefficient, and L is the characteristic diffusion
length scale (fault gouge thickness).

A key insight from this model is that fluid pressurization can emerge
spontaneously, even in the absence of external injection. The resulting pore
pressure evolution is governed not only by deformation but also by fluid flow:
fast shear in undrained conditions enhances pressure transients, while more
permeable systems allow for drainage and pressure dissipation. The coupled
equations governing this system include: (1) A RSFlaw where friction depends
on both velocity, state variable, and effective normal stress'”; (2) A porosity
evolution law as a function of shear strain or slip’’; (3) A diffusion equation
linking porosity change to pore pressure under fluid mass conservation®.
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Fig. 4 | Extended RSF framework coupled with porosity and pore pressure evo-
lution. a The one-dimensional spring-slider diagram modeling fault-fluid interac-
tion. b The transition from dilatation to compaction at high slip rate V leads to a
decrease in porosity ¢ and a rise in pore pressure p, which in turn weakens the fault
strength y(o — p) (Compaction weakening); ¢ the reverse transition leads to an
increase in porosity and a decrease in pore pressure, which in turn stabilizes the fault
(Dilatancy strengthening). The pore pressure evolution depends on a combination
of porosity evolution and fluid diffusion.

This framework links micromechanical deformation to macroscopic
slip stability, unifying processes of healing, slip initiation, and permeability
evolution™". Tt also explains how slow slip, valving behavior, and even
runaway dynamic rupture can emerge from internal feedback within the
fault zone, especially under low permeability or high strain-rate
conditions'”’. Recent experimental studies reveal that the dilation of intact
rock during rupture is significantly greater than that of gouge observed
during the reactivation or acceleration phase'*. The dilatancy strengthening
effect with a decline in pore pressure allows for stabilizing the rupture
process and sustaining afterslip during subsequent pore pressure
recharge'”. However, when the dilation effect causes fluid vaporization,
dynamic fracturing may still occur”. As such, this model provides the
physical basis for understanding seismicity-permeability coupling—
including spontaneous fluid overpressure generation, transient fault
weakening, and permeability enhancement—across both natural earth-
quakes and injection-induced seismicity.

Permeability
Permeability implies whether the fault can effectively conduct fluids to
facilitate the fluid injection, migration, and extraction. In addition, the
tightness of cracks can help assess the effectiveness of geologic storage for
fluids and waste products such as wastewater and carbon dioxide. The
tortuosity and roughness of the interface, in conjunction with the inertial
effects of the fluid, cause the fluid velocity to deviate from the parabolic
velocity profile u,(z) assumed by Darcy flow, thereby complicating the
calculation of permeability (Fig. 5). As a result, most of the existing research
efforts have investigated the permeability of individual faults. The early
proposed method for calculating fault permeability is the cubic law, which
describes the ability of an incompressible laminar fluid to pass between two
parallel flat panels (Fig. 5). Although the Navier-Stokes equations (NSE)
provide a more rigorous basis for calculating hydraulic apertures at that time
and were considered to be the most accurate, the computational effort
required for this method is cumbersome'*™**, Once the effects of non-
linearities and inertial effects on the flow are neglected, the NSE can be
reduced to the cubic law, which has been employed in numerous
applications'”’. In numerical modeling, the cubic law can simplify the cal-
culation process to maintain high efficiency. For laboratory experiments and
natural faults, the cubic law reduces a complex flow network to a flat panel
model with an opening that is comparable to the hydraulic aperture (Fig. 5).
This simplification costs the accuracy of permeability measurements, but it
dramatically improves their efficiency and usefulness'".

The fault hydraulic aperture (e) can be computed using the following
equation in the field experiment rather than the real aperture e, "

Ve (12><Txyvis>l/3
pxg

(3.11)

Fig. 5 | Schematic of permeability calculation. The
cubic model simplifies the flow within an individual
fault to incompressible laminar flow between
smooth and parallel panels. An equivalent hydraulic
aperture is used as a substitute for the complex
aperture of the real fault to calculate the
permeability.
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when shear velocity is increasing, with outlier points related to factors such as
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roughness and fluid pressurization due to fluid injection. Data sources

Where T (m*s™") is the hydraulic transmissivity, y,;, (Pa s) is the fluid
viscosity, p (kg m™) is the fluid density, and g (m s®) is the acceleration due to
gravity. In the case of the fluid-flow-through experiment in the laboratory,
fault permeability is evaluated according to the cubic law. The measured
fault permeability k,, (m®) can be expressed by the measured hydraulic
aperture e, (m)"**:

_ _(IZX‘MWSXLXQ) 13 (312)

m W x AP;

Where y,;; (Pa s) is the fluid viscosity; L (m) is the length of the fault surface;
Q (m’s™) is the measured flow rate; W (m) is the fault width; and AP; (Pa) is
the fluid pressure difference between the downstream P, and upstream P,
of the fault (Fig. 5). The porosity corresponding to the hydraulic aperture
based on the cubic law is defined as the effective porosity. The two formulas
above use the same methodology but different parameters.

Scaling relationship between a — b values and permeability
A laboratory study proposes a method for coupling fault dilation with
velocity variation. For any velocity step, the change in pore space is related to

slip velocity variation'*":

wen(l) -3

In this equation, ¢ is the dilatancy coefficient for the magnitude of
dilation in response to slip velocity variation, and its negative value repre-
sents the compaction magnitude. Assuming that the ratio of the hydraulic
aperture variation Ae to the initial hydraulic aperture e, evolves in a similar
pattern based on the cubic law, the hydraulic aperture variation is calculated

(3.13)

by:

2 el (1> (3.14)
€ Yo

Here, we use another scaling coefficient ¢ to replace the dilatancy
coefficient ¢. Because the dilatancy coefficient describes the variation in fault
volume, it does not necessarily describe the real response of the hydraulic
aperture. The ratio of the fault permeability after the velocity variation and
the initial fault permeability (k/k,) is related to the ratio of hydraulic

aperture variation (4e/e,), as™'*~*":

3
k (1 +E> (3.15)
ko €

By combining Egs. 3.4, 3.14, and 3.15, the permeability ratio can be
expressed as a function of the a — b value. This equation explains the inverse
permeability change between the data of velocity increase steps and velocity

decrease steps:
k Aug\?
=14 et
K ( = b)

Similar to the a and b values in the RSF law, the scaling coefficient € is
also an empirical coefficient obtained by fitting experimental friction and
permeability data. This implies that, through field observations with ade-
quate data and well-constrained parameters a, b, and ¢ values, it is possible
for one to quantitatively characterize the friction variations associated with
fault acceleration/deceleration and the resultant dilation behavior (Fig. 6).
The Eq. 3.13 reflects the same physical basis as the porosity evolution law
proposed by Segall and Rice”, i.., shear exhibits dilation or compaction
effects at higher slip rates. However, the actual change in permeability is less

(3.16)
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Fig. 7 | Thermo-Hydro-Mechanical-Chemical (THMC) processes in faults. The
strength of asperities or gouges directly controls dilation and compaction, wear
product generation, and affects both frictional stability and permeability evolution.

Dissolution, precipitation, swelling, and metamorphism of mineral particles also
indirectly change the above behaviors of faults.

pronounced than the change in porosity. When porosity increases due to
dilatancy, a significant increase in permeability may not occur because of the
lack of well-connected hydraulic pathways. Therefore, we distinguish the
scaling coefficient mentioned in this paper from the dilatancy coefficient
proposed by Segall and Rice”'. The theoretical framework coupling RSF
friction—porosity—pore pressure can reproduce the whole process of fluid-
fault interaction (Fig. 4). This extended framework can describe the com-
bined effects of porosity evolution and fluid diffusion leading to fault
overpressure or depressurization, enabling fluid-controlled fault behavior™.
In contrast, the scaling coefficient reflects how the geologic setting affects the
frictional response of the fault and how the subsequent frictional response
affects the hydraulic response, i.e., the process by which friction controls
permeability. Although most of the experiments were conducted under
constant stress conditions, their results reproduce the enhanced perme-
ability observed in unstable faults in nature (Fig. 6). For field data, especially
for faults occurring in reservoirs and caprocks, permeability measurements
and the quantification of the scaling coefficients are greater priorities'*.
Integrating the permeability — pore pressure relationship into the RSF fra-
mework may offer a way to bridge the gap between modeling and practice'*.
At the same time, comparing the evolution patterns of the two parameters
facilitates assessing the hydraulic characteristics of the fault zone system.
When a fault zone contains few unconnected pores and approximates a flat
panel model, the permeability evolution may be consistent with the porosity
evolution. In this case, the scaling coefficient may be equivalent to the
dilatancy coefficient.

The compiled data suggest two features: (1) in the case of fluid
injection-driven fault slip, permeability enhancement does not depend on
frictional stability, and (2) the relative permeability change of loading-driven
fault slip in the laboratory is negatively correlated with frictional stability
(Fig. 6)'7*>1*>1°M152 This prevailing negative correlation is not linear. At
constant valuesof a — b, alarger change in friction coefficient Ay indicates a
more drastic dilation or compaction behavior. In addition, if the scaling
coefficient € is negative in the velocity increase step, it is positive in the
velocity decrease step'”. Although the aforementioned experimental data
and theoretical framework are consistent, the applicability of the cubic law
warrants further discussion. In characterizing the porosity—hydraulic
aperture—permeability relationship, the cubic law has been validated to
apply for fractures, equivalent to young faults'”. For faults filled with gouge,
methods characterizing the porosity-permeability relationship include (1)
the cubic law mentioned in this manuscript, (2) the Kozeny-Carman
model'™, and (3) empirical power laws'>. The choice of method should be
based on the fault structure and slip mode of the fault. It is worth noting that
field friction-permeability experiments on faults have also adopted the cubic

law in addition to laboratory experiments™"*>'*"'*>'**, Here, we prioritize
the cubic law in the seismicity-permeability coupling for several reasons: (1)
The seismicity-permeability coupling is investigated from velocity steps.
Repeated particle rearrangement and dilation promote fluid pathways'*,
which favor fracture-type flow and weaken the applicability of the Kozeny-
Carman model. The Kozeny-Carman model is suitable for the
permeability-porosity relationship in the case of packed uniform spheres'”.
(2) Even when gouge develops within the faults, most faults remain fractures
partially occupied by particles. The permeability evolution of faults still
complies with the cubic law, explaining why the cubic law is used in
laboratory and field experiments shown in Fig. 6 at relatively smaller time
scales. (3) Only when gouge forms a continuous, low-permeability smear
that fully blankets the interface, matrix-type flow may dominate the
hydraulic response of the fault. Otherwise, any connected pore space
becomes a preferential conduit with a permeability several orders of mag-
nitude higher than that of the continuous smear, thus determining the
overall permeability of the fault. However, for observed repetitively reacti-
vated and mature faults, it is still necessary to validate the applicability of the
cubic law.

Controls on seismicity-permeability coupling

In this section, we review the effects of three key factors—mineral compo-
sition, temperature, and interface roughness—on the seismicity-
permeability coupling. Since almost all experimental studies are con-
ducted under constant effective stress conditions, the results reflect the
actual response of faults where pore pressures equilibrate after hydraulic
stimulation and tectonic stresses slowly adjust. At this point, the effect of
pore pressure variation can be neglected. Analyses of stress gradient
dependencies are systematically addressed in the temperature effects sub-
section. The seismicity-permeability coupling behavior of faults under
varying normal stresses is reviewed in the next section.

Mineralogical effects

Mineralogical effects are usually reflected in differences in the crystal
structure of minerals. The strength of the chemical bonds between atoms
controls the resistance to asperity deformation, and parts of the crystal
structure can form hydrogen bonds with intruding water molecules. The
dissolution and precipitation of minerals may not be apparent in the short
term and are highly dependent on the mineral composition of the fault and
the fluid within it (Fig. 7). These phenomena described above alter the fault
friction and the degree of fault opening. Friction-permeability experiments
on Opalinus Shale (OPS) and Green River Shale (GRS) show that shear-
generated wear particles with higher shear strength can insert into faults and
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exert a negative effect on continuous permeability reduction by shear. In
contrast, weak faults show a faster permeability reduction due to their ease of
deformation, which leads to a rapid decrease in fluid pathways"'. Micro-
scopic results also show that some particles swell in contact with water,
blocking the fluid channels and exacerbating the decrease in permeability*.
Mineralogical analyses and friction-permeability experiments suggest that
the content of three mineral types may control the frictional stability and
permeability of the rock samples. Phyllosilicate-rich faults show weaker
strength and decreasing permeability with increasing slip rate, while
tectosilicate-rich faults show higher strength and increasing permeability.
These two group minerals show the inverse trend in frictional stability. The
carbonate content does not show a distinct pattern in influencing the fric-
tion and permeability parameters, which may be due to the influence of the
other two mineral groups or related to the dissolution and precipitation of
the carbonates themselves'”.

Experimental friction results for binary mixtures of minerals show
that the minerals have a large influence on the frictional properties of
faults"*'®’. The frictional stability of similar minerals is essentially the
same despite the different frictional strengths shown'®". It is a convenient
but imprecise method to roughly infer the frictional properties of faults
from their mineral composition. Even among minerals of the same type,
there are still differences in parameters, and for an individual mineral,
changes in elements (e.g., metal cations) can change the friction response.
For example, kaolinite has a friction coefficient of about 0.3, whereas
calcium montmorillonite has a friction coefficient of about 0.2*°. The
stronger minerals result in greater shear dilation of faults during shear
reactivation, implying that there is a positive effect of shear strength on
permeability increase. Shear experiments on montmorillonite with four
different cations showed that the higher the hydration energy of the
cation, the larger the distance to the anion®. Larger voids between cations
and anions can be more easily occupied by water molecules and thus
reduce the shear strength of the mineral. Permeability does not increase as
a result of an increase in these voids, while it is positively related to the
frictional strength. For minerals with small interlayer voids (e.g., K-
montmorillonite), fluid flows mainly in the external pores of the mineral;
for minerals with large interlayer voids, fluid may flow in these voids,
where electroosmosis can affect the permeability of the mineral”.

The spatial distribution of minerals also controls frictional stability and
permeability, and this factor is considered an important difference between
natural and laboratory faults™*'**'®’. A representative mechanism is the
formation of fabrics: shear experiments on talc and quartz show that
although the quantity of the low-strength mineral talc is relatively low, talc
particles can also form fabrics dominating the strength of faults. A pre-
requisite for the fabric dominating the strength of the fault is that, despite the
low content of weak minerals, sufficient thickness is required to ensure that
the weak minerals are able to form a penetrating layer (A smear-like
structure within the interface of faults) in the fault during shear®’. Numerical
modeling results indicate that sufficient thickness of weak minerals forms a
deformation band for preferential sliding in faults and that the fabric formed
by weak minerals dominates not only the frictional strength but also the
frictional stability".

In addition to heterogeneity along the perpendicular direction of the
shear plane, heterogeneity parallel to the shear direction, such as patches of
different minerals aligned along the fault orientation, also affects the
mechanical response of the fault through another mechanism. Distinct from
the strain concentration in weak minerals due to laminated textures
(penetrating layers), several mineral patches differ in their normal defor-
mation when simultaneously sharing shear strain, leading to stress locali-
zation that promotes faults to decline in strength and become unstable™"*’.
Numerical modeling restores a mechanism for the stability-depth inversion
relationship, and the mechanism implies that a plastic matrix wrapped
around brittle rock can lead to the generation of slow earthquakes'®.
Mineral composition variation implies that natural faults may exhibit more
complex behaviors than laboratory ones. Thus, mineral effects should be
divided into two scales: (1) microstructures composed of atoms, ions, and

chemical bonds control minerals’ Thermo-Hydro-Mechanical-Chemical
(THMC) responses; (2) spatial heterogeneity controls the interactions
between mineral patches and then affects the responses of faults. Existing
studies have explored the frictional stability and permeability of many
common minerals and representative rocks. Using methods such as
machine learning to predict stratigraphic details from limited geological
data can facilitate the application of laboratory understanding to fault
Zonesl()‘i,l()b.

Thermal effects

The thermal effects on an individual fault could be explored separately from
each component: the first is the thermal degradation of host rocks due to
high-temperature conditions, which will change the stiffness of fault sys-
tems, the P-wave velocity, and even the permeability of the host rocks. The
second point is the temperature difference between fluids and host rocks,
where the heat exchange may change the responses of host rocks and faults
until temperature equilibrium is reached. Besides, repeated heating-cooling
cycles have resulted in a large number of intercrystalline and intracrystalline
cracks, which have the effect of reducing the frictional stability of granite
faults and making faults exhibit generally larger permeability'”’.

The deterioration of the mechanical properties of host rocks can be
attributed to two main causes: dehydration and expansion. Scanning elec-
tron microscopy observations of cracks indicate that the anisotropy of
thermal expansion in individual mineral aggregates and the mismatch of
thermal expansion in multi-mineral aggregates lead to the thermal stress
concentration'”. The thermal stresses, together with the particle type and
the geometry of the particles, control the various boundary cracks and
intracrystalline cracks in the aggregates presenting at discrete temperature
intervals'®. Thermal cracking may allow the rock matrix to become a major
conduit for fluids due to the creation of numerous conductive
microcracks'®"”". Cracks within host rocks do not restore after they are
created, so it is necessary to consider the effect of thermal history on rock
properties'””. The deteriorating effect of high temperature on host rocks will
change the system stiffness of faults. When the ratio of the system stiffness K
to the critical stiffness K. of the shear changes, the frictional behavior of the
fault changes, which then triggers the change of permeability.

As anthropogenic fluid injection or natural fluid migration (e.g., fluid
migration within a subduction zone) induces the shear sliding of faults, there
would be a temperature difference between the host rocks and the abruptly
intruding fluid. In addition, flow-through experimental results indicated
that low water temperatures diminished the efficacy of pressure solution on
minerals, resulting in incomplete healing of the cracks'”. The introduction
of a cooling fluid into a hot fault may result in the development of pore
pressure anisotropy caused by the temperature differential. This phenom-
enon may lead to fault reactivation or even unstable sliding, and the sub-
sequent shear heating allows the system to reach equilibrium. In another
experiment regarding water injection-induced shear, it was confirmed that
the discrepancy in rock and water temperatures resulted in greater shear
displacement and permeability changes in the simulated fault, with per-
meability variations suggesting the presence of greater dilation of the
simulated fault'”*.

The third key point is the examination of the coupled thermo-sensitive
responses of friction and fluid properties within the context of the
seismicity-permeability coupling. The brittle-plastic transition of the
asperity contact is an important mechanism by which the elevated tem-
perature affects the seismicity-permeability coupling behavior. At relatively
lower temperatures and stresses, faults show asperity breakages and cata-
clastic flow during shear. As the temperature and stress continue to increase,
plastic deformation, possibly caused by dislocation creep or diffusion creep,
may become the dominant form of deformation in the asperity contact and
change the seismicity-permeability coupling behavior'””. The above
mechanism explains the effect of temperature on the frictional response and
the permeability evolution of rock interfaces and fault gouges. The friction
data of rock interfaces and fault gouges under varying Thermo-Hydro-
Mechanical (THM) conditions are compiled in Table 1'%'*%7100176-182 and
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the a — bvalues can be used in the scaling relationship to assess permeability
evolution.

Fault roughness

The morphology of emerging faults reflects the process of rupture tip
propagation. Extensive experimental and modeling work based on fracture
mechanics has explored the possible morphology of emerging cracks, which
we do not discuss further here. The fault surface is characterized by asperities
ranging in height from micro-scale to meter-scale. Quantifying the mor-
phological features of fault surfaces is challenging because the mapping
between roughness indices (e.g., RMS) and different surface geometries is
not unique. Characterizing the roughness of faults using fewer parameters
that reflect both the height differences between asperities and the spatial
distribution of asperities is another key to understanding the coupling of
friction and permeability during fault shear. Several parameters have been
used to measure the roughness of the rock cracks, namely the linear-average
(LA) and root-mean-square (RMS) values of the height of the rough
interface'”’, the parameters Z,, Z3, Z, extrapolated from RMS'*, and the
structure-function (SF)'*". In addition to being difficult to characterize, a
second feature of roughness is that it changes with increasing shear
displacement'®. Therefore, it is essential to consider the displacement-
dependent feature of this parameter in order to quantitatively analyze the
influence of the roughness on the coupling behavior and even to predict its
evolution.

The roughness gives rise to stress heterogeneity along the strike of the
crack, and stress may even be localized to zero when the local interface
separates'®. Although the introduction of roughness parameters allows for
predicting the peak strength of rock joints'”, the stress heterogeneity
induced by the crushing and interlacing of asperities in rough laboratory-
simulated faults may lead to fluctuations in measured resistance and
permeability'®. The additional drag stress caused by rough walls may out-
weigh the friction when the slip magnitude is smaller than the wavelength of
self-similar fractal roughness, while the fault resistance may still be domi-
nated by friction when the slip is much larger than this wavelength”. In
contrast, mature faults may show relatively constant friction and perme-
ability evolution. The results of experiments and numerical simulations
demonstrate that an increase in roughness leads to enhanced fault stability,
and faults have similar residual friction that may be related to the fact that
the fault gouge dominates the seismicity-permeability coupling behavior at
the final stage'*'® (Fig. 8b-d). A numerical model shows that seismic
nucleation on rough surfaces requires larger slip distances and that seismic
rupture will not occur when the roughness resistance is larger than the static
stress drop, showing a similar pattern to the experimental results'®.
Although a rougher sample shows higher frictional stability, the increased
roughness cannot prevent rupture once stress exceeds the static friction
threshold (Fig. 8b, ).

When the asperities are oriented perpendicular to the shear direction,
the shear strength and permeability may show significant fluctuations due to
the rearrangement of the upper and lower contacts. However, when the
asperity orientation is parallel to the shear direction, the increase of the
fractal roughness wavelength and the RMS height may increase the per-
meability due to the presence of larger hydraulic apertures and a connected
fluid network within the fault. Although intensive shear may orient aspe-
rities in the direction of shear, given the heterogeneity of the minerals and
the stresses, it is necessary to consider varying angles between the asperity
alignment and the shear direction. Furthermore, the distribution of aspe-
rities within the faults leads to different specific stiffnesses, which results in
diverse deformations of faults under the same stress condition and conse-
quently produces permeability discrepancy'”. In the case of natural faults,
the effect of roughness on the coupled behavior of friction and permeability
is negated by the gradual growth of the fault core through shear. Because the
thickness of the fault gouge, which is positively correlated with shear dis-
tance, would govern the seismicity-permeability coupling behavior of faults
when the shear distance is sufficiently large™. The fault gouge can control the
mechanical response of the fault and act as a barrier to the surrounding

highly permeable damage zone if the fault gouge is coherent on the fault
plane. In the case of an individual fault, shear force alters the roughness of
the fault surface and the fluid network inside the fault, causing a variation in
fluid conductivity. In summary, as one of the important features of natural
faults, the influence brought by roughness cannot be neglected. The char-
acterization of microstructure evolution on the rough surface with shear
displacement may prove beneficial for a more precise delineation of the
coupling behavior.

Implications for fault zones

The seismicity-permeability behavior is modulated by the coupled Thermo-
Hydro-Mechanical-Chemical (THMC) impacts. The review of the above
studies provides a potential method for assessing the fluid conductivity of
fault zones based on the dilation and compaction during fault friction and
elucidates several potential controlling mechanisms. Based on the flat panel
model, the evolution of fault friction and permeability is simplified to
interfacial friction and the opening or closing of a flat panel. Permeability
evolution can thus be predicted from the velocity dependence of fault
friction. Such laboratory-based laws and equations have the potential to be
generalized to in situ observations and model calculations. By extrapolating
the a — b values and openness of faults from inversion observations and
combining them with permeability data, one can roughly obtain the scaling
coefficients for seismicity-permeability coupling behaviors of faults'”"'.
The compilation of more data on friction properties and permeability
evolution, ie., supplementing Fig. 6 with additional field data, helps to
constrain the range of scaling coefficients and to discover general patterns in
the seismicity-permeability coupling of natural faults. It is worth noting that
this scaling law does not apply to fault activities or seismic events directly
induced by fluid injection. This means that the coupled friction-
permeability data may help to distinguish whether the seismic events are
directly caused by fluid injection. In contrast, this scaling relationship is
particularly applicable to newly generated faults in reservoirs after hydraulic
stimulation because hydraulic stimulation produces active faults similar to
laboratory faults. In this case, the main factor driving the evolution of fault
friction and permeability remains the coupled thermo-hydro-mechanical
(THM) impact. Chemo-mechanical weakening can exacerbate the risk of
caprock leakage; for example, supercritical CO, can weaken fault friction,
triggering its activation and shear dilation (Table 1)”. Understanding the
seismicity-permeability coupling behavior of fault zones and developing the
aforementioned methodology facilitate comprehending the physical pro-
cesses of natural earthquakes, assessing leakage from unforeseen capping
faults, and evaluating variations of the hydraulic conductivity within the
reservoir.

Seismicity-permeability coupling responses to
earthquake cycles

Any complete earthquake cycle can be divided into three distinct phases:
the inter-seismic period, the co-seismic period, and the post-seismic
period, and these earthquake cycles could be irregular. The significant
difference between the three phases lies in the slip pattern of the fault zone,
with inter-seismic slip slowly accumulating strain on the fault and co-
seismic slip rapidly releasing strain energy'”. Thus, during the inter-
seismic period, the fault plane is almost stationary due to the interlocking
of asperities, whereas during the co-seismic period, the fault plane has a
significant shear slip rate, and during the post-seismic period, the fault
plane undergoes minor slip to adapt to the sudden change in the stress
field resulting from the earthquake. This section will focus on the
seismicity-permeability coupling behavior of different phases during
earthquake cycles.

Response to far-field earthquakes

Fault systems in the Earth’s crust interact with each other through stress
transfer and fluid migration'™. Stress oscillations are commonly used in
laboratory experiments to model the response of fault systems to far-field
earthquakes. This sub-section presents a discussion of both laboratory and
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Fig. 8 | Friction-permeability evolution for simulated faults with different
roughness. a Surface profiles for tests rss1-rss6, defining an increase in fault
roughness with test ID. b Friction evolution of simulated faults for tests rss1-rss6.

¢ Permeability evolution (k/k,) of simulated faults for tests rss1-rss6. d Velocity
dependence of simulated faults with different RMS heights'®.

field observations of the fault’s responses to far-field earthquakes. It is
hypothesized that dynamic strain propagation from seismic waves is
thought to be one of the mechanisms that trigger far-field earthquakes'”.
The observations of the Landers earthquake and far-field triggered earth-
quakes indicate that the generated dynamic stress is comparable to that
inferred from empirical formulas based on the ground motion velocity and
that this stress is insufficient to satisfy the Mohr-Coulomb failure criterion
alone"*"”. Considering that the stress level of the fault may be approaching
the critical state of failure, the dynamic stress may act as a trigger for, or in
competition with other mechanisms, the unstable sliding of the fault. In
subsequent studies, the concept of triggering thresholds has been proposed
to distinguish between far-field faults that do and do not generate earth-
quakes and to emphasize the importance of the classical RSF law since some
faults do not generate earthquakes after reactivation'*". The triggering
threshold of a fault system is related to a number of factors, including the
frictional properties, the structural characteristics of the fault, the frequency
of dynamic strain, and the velocity of dynamic strain'**'*". It is important to
note that the dynamic stresses inferred from field recordings are not com-
pletely accurate and that the use of stresses alone to predict the occurrence of
earthquakes is inadequate. Laboratory experiments have shown that the
fault elastic modulus decreases abruptly with perturbations of high-
frequency dynamic stresses, which may be a potential mechanism for fault
failure triggered by far-field earthquakes™'.

The observation of the fault permeability in response to far-field
earthquakes is difficult because there are still technical limitations in directly
observing changes in flow through faults. The response of the crustal
hydrological system to far-field earthquakes may be roughly observed
through changes in water levels in wells, thereby suggesting insights into the
responses of faults'. After quantifying the effects of rainfall and tides on
water levels in wells, water level monitoring records show that far-field
earthquakes result in an increase in water levels of wells, indicating an
increased permeability in this geologic region'. Another study showed that
natural faults continued experiencing stress relaxation and tremors for

several years after the Parkfield and San Simeon earthquakes™”. Responses

similar to those of natural faults have been observed in pore pressure
oscillation experiments conducted on cracked rocks™”. The reduction in
p-wave velocity that occurs during co-seismic slip suggests that the fault
undergoes elastic softening, which is consistent with an increase in per-
meability of the natural hydrological system followed by a gradual
decrease”™”* (Fig. 9). Understanding fault responses to far-field seismicity
improves the leakage monitoring in confined reservoirs, the artificial sti-
mulation reservoir production, and the interpretation of seismic triggering
by fluid migration or stress perturbations.

Role of fault healing and reactivation

The investigation of the friction and permeability evolution of faults has
been conducted through slide-hold-slide (SHS) experiments’”. During
these experiments, the normal displacement has been identified as a
potential index for hydraulic aperture, although it may not be sufficiently
precise. The inter-seismic behavior of faults demonstrates its dependence on
stress, temperature, and some other factors. There is no significant corre-
lation between the rate of fault healing and the magnitude of constant stress,
but stress oscillations have been observed to enhance the healing effect of
faults, with the amplitude positively correlated with the healing rate®*>".
The enhancement of healing is linked to oscillation-induced mechanical
consolidation, and a reduction in fault gouge porosity is observed during
oscillation’®. Humidity is another key factor that enhances friction healing,
as evidenced by the comparison of saturation experiments with drying and
stress-oscillation experiments™”. It has been demonstrated that temperature
does not significantly affect the frictional healing effect of dry powders, but it
can enhance the healing effect by boosting the chemical reactivity of water,
and the hydrothermal effect has been found to affect the static frictional
strength and stability of faults'***"". A direct approach to analyzing the effect
of chemical reactions is to analyze the effect of mineralogy on frictional
healing. In general, minerals with higher frictional strength show higher

46

healing rates™.

Communications Earth & Environment| (2025)6:918

12


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02838-5

Review article

20 — — — - . ; ; . ; ;
(a) ! B/ 1 ib : | ; (b) WG smoother]
— E i :‘: '. ; ; ' :h 1 (#600Grit)
~ ] 3 ]
_ gl | A DO : 4 s ol .
2 MiNiwnd # AR “\_:gk‘ PR W | szwﬁ
= C ey @ 1% 1) "o, .l L) lv ! |
59 | | WML T e M :
S5 -60 1 ! il I 1 MR L ! ‘\
L O 0 ; SF \A’\, \*“
£ o : 2 ! ip ! ! : E W, W
0N D H o = H - ] g W MM‘
3 -20 "M" PRI TN o N = @
A I R it TV s b P I I W & SV 5
1 [T 1 Yo e ke ™ p" > 3 ! ©
30| Pon : ] o ' 3 ) M
! 1 L ! : £ RN
El
1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 O ™
Year a|
(c) 008
5 008 2 . WL A0, O
[ 2% L -
Z 004 3 | hold lid
2 03 -15  -10 -5 0 5 10 15
) : :
;002 S (d) Time (min)
> 5 £
c i g[ o) a -
© 000 3 o 0.20 S
.S 100 3 ;-“? IE
> ' , h
:'5 002 I ¥ | «—— Parkfield earthquake 5 Z 015 & Q
e} i ie s |2
— | | = (0] o =
g 004 San Simeon earthquake 1 20§ ) % ®
M6.5 | ] 010 & =]
2 oo | %% 5 B S
= I 3 @ E
@ 102 = 3
© 008 ' =8 mos g [l
¥ 5 §' % sle?;?rr]-ic Pre-seismic ~ ~
010 0 0.00
2002 2003 2004 2005 2006 2007 2008 — . Coseodl
Year Time (s)

Fig. 9 | Responses of faults to earthquakes at multiple scales. a Phase offsets of
earth tide water well responses show a sharp change (locations at the dashed line)
concurrent with the timing of far-field earthquakes, indicating increased perme-
ability of the hydrologic system'. Dashed line a shows the 1991 Sierra Madre
earthquake, and line b shows the 1995 Joshua Tree earthquake'. b Reactivation of
laboratory faults and measured increase in permeability showing larger increase in

post-reactivation permeability for extended hold times of 10%s (circle 8) versus short
hold times of 10's (circle 1)*”. ¢ Reductions in seismic velocity concurrent with the
seismic cycle indicate potential elastic softening effects on the San Andreas fault
following two earthquakes and subsequent tremor rates caused by seismic pertur-
bations. These remain for 3 years but decline over time*”. d Changes in wave speed

measured on laboratory faults in transiting the seismic cycle™”*.

Although the flow-through experiments can provide some insights
into coupling behavior, the limited method of monitoring friction and
permeability evolution may result in a confined understanding of the
behavior of natural faults. Frictional healing induces permeability to
decrease during the quiescent phase by factors such as compaction, stress
solution, and stress corrosion'””"' ", A distinctive feature of the inter-
seismic period, as learned from laboratory faults, is that the processes of fault
healing and permeability reduction are time-dependent™**'. The friction
and permeability of the faults not only evolve over time but are closely
associated with the reactivation of the faults. The enhancement of perme-
ability during shear reactivation is matched to the frictional healing of faults
during the inter-seismic period. Friction-permeability experiments show
that the frictional healing, which occurs due to significant sealing, is followed
by apparent breaching when the laboratory-simulated faults are reactivated
(Fig. 9)*”. The opening-up generated by reactivation is not always observed
due to the prevalence of shear-induced comminution*"*””. Similarly, there is
a cutoff time for friction healing, under which no significant healing effect
can be observed. The cutoff time for friction healing was identified during
the process of exploring the effect of variables (e.g., humidity, temperature)
on healing, and it was found to be correlated with the previous rate
variable®*"*", An increase in critical slip distance D, and a decrease in
stable slip velocity V' would correspond to a large cutoff time value, which
is consistent with the recurrence time observed in periodic stick-slip motion
simulations'*®. The recurrence and magnitude widely observed in natural
seismic events”*** correspond to the general characteristics of stick-slip

observed in the laboratory, which is based on a one-dimensional block-
slider model.

Role of fault valving
In addition to the impact of seismicity on permeability, permeability may
also exert a feedback effect on seismicity. Fault valving is a phenomenon
whereby alternating overpressures are released within a fault by rupture™". It
is a common occurrence in hydraulically stimulated reservoirs as well as
subduction zones. In addition to triggering fault instability, fault valving
affects the degree of fault locking, which is reflected by the acoustic wave
velocity ratio and affects the slip distribution during large earthquakes™***.
Seismic sequence models considering fault valving demonstrate that over-
pressure pulses in inter-seismic periods can subsequently trigger aseismic
slips, seismicity swarms, and slow slip events that are more likely to occur
under high-temperature conditions'”. Furthermore, the propagation of
stress fronts from overpressured zones may trigger earthquakes outside
them™". A study of the opposite mechanism suggests that the slip behavior
of faults may also be controlled by the permeability and porosity of the faults,
which in turn influences the fluid overpressure and release processes on the
faults™. This emphasizes the role of fluid in controlling the response of fault
friction and the bidirectional coupling of seismicity and
permeability'*******,

It is worth noting that these studies are primarily focused on subduc-
tion zone faults, but the conclusions may remain applicable to faults in
reservoirs and caprocks. The impacts of fault valving caused by fluid
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migration or dehydration reactions can also be found in reservoirs under-
going fluid stimulation’*’. The majority of human-induced earthquakes are
thought to be triggered by injection operations interacting with critically
stressed faults, such as the M,, 5.5 Pohang earthquake in 2017°***, Thus,
these insights are also applicable to understanding the seismicity-
permeability coupling behavior of faults in reservoirs and caprocks. How-
ever, these insights cannot be directly extrapolated to the scaling relationship
between a — b and permeability, as the fluid pressurization/depressuriza-
tion during the seismic triggering phase is not directly related to perme-
ability. There are multiple seismic mechanisms that can explain fault
instability, and these mechanisms may have significantly different effects on
permeability evolution™”.

Implications for fault zones

The above subsections have identified a multitude of mechanisms for
seismic recurrence, as well as competing effects between continuous sealing
and intermittent breaching on permeability. Some fault instability
mechanisms can no longer be explained by the friction-permeability
experiments under constant normal stresses, rendering the scaling formula
inapplicable™****, A stress-, temperature-, rate-, and state-dependent fric-
tion law and a more complex scaling relationship may hold potential for
describing a broader spectrum of seismicity-permeability coupling beha-
viors. Field observations and laboratory studies show a distinct feature of
faults in the cyclic activation and healing processes. During the inter-seismic
period, the closure of the fault has a power rate relationship with time during
the inter-seismic period, while post-activation permeability transiently
increases and then rapidly decreases™. This implies that faults could leak
substantial fluids during activation due to permeability increases of several
orders of magnitude. Conversely, cyclic pore pressure perturbations will
induce elastic softening of the fault, triggering fault slip and playing an
important role in stimulating the reservoir to maintain great fluid con-
ductivity. These insights are consistent with a number of reservoir stimu-
lation strategies, such as stepwise pulse pressurization and cyclic pulse
pressurization™”’, which can avoid caprock failure by limiting overpressure
whilst sustaining conductivity. The following points may further revolu-
tionize the existing understanding: (1) The quantitative analysis of frictional
strength and permeability evolution of natural faults still needs to be further
developed. (2) The potential effects of friction healing on large-scale faults
still need to be further investigated and validated using field data.

Summary
This article reviews the basic theories, experiments, and numerical simu-
lations pertaining to the seismicity-permeability coupling behavior of faults.
A common perception is that seismic events may be accompanied by
increased permeability. We suggest that the factors that significantly
influence the coupled seismicity and permeability evolution of faults in
breaching and sealing are minerals, roughness, and temperature, respec-
tively. These factors, in conjunction with geological settings and fluid
injection strategies, serve to determine the seismic potentials and hydraulic
responses of fault zones. The specific conclusions are as follows:

(1) The seismicity-permeability coupling response of faults is influenced
by coupled thermo-hydro-mechanical-chemical (THMC) effects.
Mechanical responses and healing mechanisms of diverse mineral
phases under different temperature-stress conditions influence fault
friction and permeability responses.

(2) Roughness is another important parameter linked to the maturity of
the fault. Incipient faults with friction dominated by bare interfaces
show significantly different seismicity-permeability coupling behavior
than mature faults with friction dominated by fault gouge. This
difference should be used as a basis for classifying faults when
discussing their seismicity-permeability coupling behavior.

(3) The seismicity-permeability scaling relationship derived from experi-
mental studies is applicable to faults where the effect of effective normal
stress changes is negligible, but not to faults where pore pressure
changes directly trigger reactivation and instability.

(4) Thebreachingand sealing responses of the faults reveal the evolution of
fault permeability during the seismic cycle, i.e., faults show significant
permeability enhancement after activation, followed by a gradual
decrease during the stationary period. In addition, pore pressure per-
turbations enhance and maintain fault permeability.

Future work should also focus on the following points:

(1) Theapplication of laboratory-obtained seismicity-permeability scaling
relationships to fault zones still requires the compilation of additional
friction and permeability data. These data can come from the analysis
of geological observations or from field experiments.

(2) The scaling relationship discussed in this paper only considers shear-
induced dilations and compactions of faults, and the relationship is
derived from studies conducted under constant normal stresses. In fact,
there are current studies that analyze the seismicity-permeability
coupling behavior of faults under non-constant effective normal stress
(e.g., pore pressure perturbations). Proposing a stress-dependent
seismicity-permeability scaling relationship can extend the application
value of the currently discussed scaling relationship.

(3) The damage zone has an important effect on the variability of per-
meability and pore pressure'”’, which is not captured in the main
studies we reviewed. The influence of damage zones on the coupled
seismicity-permeability behavior of faults remains a worthwhile area
for future exploration.
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