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Abstract we study stress, pressure, and rock properties in evolving accretionary wedges using analytical
formulations and geomechanical models. The evolution of the stress state from that imposed by uniaxial burial
seaward of the trench to Coulomb failure within the wedge generates overpressure and drives compaction above
the décollement. Changes in both mean and shear stress generate overpressure and shear-induced pressures

play a particularly important role in the trench area. In the transition zone between uniaxial burial and Coulomb
failure, shear-induced overpressures increase more than overburden and are higher than footwall pressures. This
rapid increase in overpressure reduces the effective normal stress and weakens the plate interface along a zone
that onsets ahead of the trench and persists well into the subduction zone. It also drives dewatering at the trench,
which enables compaction of the hanging-wall sediments and a porosity offset at the décollement. Within the
accretionary wedge, sediments are at Coulomb failure and the pore pressure response is proportional to changes
in mean stress. Low permeability and high convergence rates promote overpressure generation in the wedge,
which limits sediment strength. Our results may provide a hydromechanical explanation for a wide range of
observed behaviors, including the development of protothrust zones, widespread occurrence of shallow slow
earthquake phenomena, and the propagation of large shallow coseismic slip.

Plain Language Summary Earth's subduction zones form where two tectonic plates converge
and one plate descends, or subducts, beneath the other (overriding plate). Overriding sediments are plowed
onto the continent the way dirt piles up in front of a bulldozer. Some of the largest, most destructive, and
tsunami-generating earthquakes are produced along plate boundaries during subduction. The sediment behavior
of both plates depends on changes in fluid pressure and stress, which are caused by tectonic forces (analogous
to the bulldozer push). The strength of the plate boundary—which controls earthquake mechanics—also
depends on fluid pressure, stress, and sediment rock properties. We use analytical and numerical models to
simulate a subduction zone's evolution through space and time. The models use sediment-behavior laws that
account for the interaction between fluids and sediments, as the plates deform. We show that stress changes
associated with the piling up of sediments generate abnormally high fluid pressures in the shallow parts of the
subduction. These high pressures weaken the plate boundary, and limit powerful earthquakes to deeper in the
crust. The stress changes also result in more compacted sediments and focused dewatering at the seafloor in
the shallow areas of the subduction zone.

1. Introduction

Stress, pore pressure, and deformation are coupled in geologic systems and evolve as a function of the geologic
loading history (e.g., Flemings, 2021; Gradmann & Beaumont, 2017; Hauser et al., 2014; Nikolinakou
et al., 2018). These quantities impact fundamental geological processes, such as basin evolution, earthquake slip
behavior, and volatile fluxes between the solid Earth and oceans. This is because sediment compaction, permea-
bility, elastic moduli, and shear strength all depend on the state and evolution of the full stress tensor, including
deviatoric stresses and the pore fluid pressure (Flemings & Saffer, 2018; Gamage et al., 2011; Scholz, 2012;
Suppe, 2014; Terzaghi et al., 1996).

In subduction zones, tectonic loading increases the lateral stress in accreted sediments (Figure 1) (D. Davis
et al., 1983; Hubbert & Rubey, 1959). This increase, together with increasing vertical stress due to burial, drives
overpressure generation in the accreted, hanging-wall sediments. The rate of overpressure dissipation depends
on the sediment permeability, compressibility, and the flow path length (e.g., Craig, 2005; Gamage et al., 2011;
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Neuzil, 1995), all of which evolve as the sediment is consumed in the subduction zone and deforms. For the high
compressibility and low permeability sediments found commonly in growing accretionary wedges, particularly
at depths <10 km, the overpressure generation outpaces the rate of pressure dissipation by drainage (Flemings &
Saffer, 2018; Saffer & Tobin, 2011; Suppe, 2007). Any dissipation of overpressure, in turn, leads to an increase
in effective stress and decrease in porosity (Karig, 1993).

Fluid overpressures lead to a mechanically weak plate boundary by decreasing the normal effective stress
(Byrne & Fisher, 1990; D. Davis et al., 1983; Hubbert & Rubey, 1959; Saffer & Tobin, 2011). Through its role
in reducing effective stress, overpressure is widely considered to promote slow slip events (e.g., Im et al., 2020;
Kodaira et al., 2004; Scholz, 1998) and other slow earthquake phenomena (non-volcanic tremor, low- and
very low-frequency earthquakes) on the shallow reaches of the megathrust (e.g., Ito & Obara, 2006; Liu &
Rice, 2007).

Stress changes resulting from the tectonic lateral compression in subduction zones (Figure 1) have been
extensively studied through numerical geodynamic models that explore lithospheric deformation (e.g., Butler
et al., 2013; Mannu et al., 2016; Morgan, 2015; Ruh et al., 2016; Spitz et al., 2020). These studies generally do
not fully couple the response of pore pressure to stress changes associated with tectonic loading and deforma-
tion. The interrelation between stress, compaction, and pore pressure has been interpreted and modeled in the
context of critical taper theory (e.g., Dahlen et al., 1984; D. Davis et al., 1983) using hydromechanical studies
(e.g., Bekins & Dreiss, 1992; Saffer & Bekins, 2006), and with a limited number of transient geomechanical
models (e.g., Borja & Dreiss, 1989; Obradors-Prats et al., 2017; Rowe et al., 2012; Sun et al., 2020). In several
of these studies, porous flow and pore pressure are computed by defining fluid-source terms on the basis of a
porosity field that is prescribed a priori (e.g., Bekins & Dreiss, 1992; Bekins et al., 1995; Ellis et al., 2015);
other studies only consider simple constitutive models or loading paths (e.g., Skarbek & Saffer, 2009), or focus
on specific areas (e.g., the toe of the wedge or the décollement; Rowe et al., 2012; Shi et al., 1989; Stauffer &
Bekins, 2001).

Incorporating the full stress tensor is particularly important because accreting sediments undergo a transition
from vertical uniaxial loading to lateral compression, a process that changes the horizontal stress independently
from the vertical, rotates the principal stresses, and generates significant deviatoric stresses (Figure 1, e.g.,
Karig, 1986). The importance of considering the lateral tectonic stress in pressure estimates has long been recog-
nized (e.g., Kitajima & Saffer, 2012; Neuzil, 1995; Tsuji et al., 2008). More recently, the role of mean stress
has been incorporated in numerical models (Ellis et al., 2019; Sun et al., 2020) and site-specific investigations
(Flemings & Saffer, 2018; Zhang et al., 2021). However, only a few poromechanical studies have quantitatively
considered the effects of deviatoric stress on compaction and pressure generation as subduction systems develop
and evolve (Obradors-Prats et al., 2017; Rowe et al., 2012).

In this work, we employ the critical state soil mechanics framework (Roscoe et al., 1958; Wood, 1990) to couple
stress, strain, porosity, and pore pressure in the non-uniaxial strain environment of accretionary wedges. We first
use Modified Cam Clay (MCC) and analytically quantify the contribution of mean and shear stress to compac-
tion and pressure generation to develop insights into the processes that drive overpressure. We demonstrate
that shear-induced pressures increase more rapidly than mean-stress-induced pressures near the trench, whereas
pore-pressure change is proportional to mean stress change deeper inside the wedge. We then develop large-strain,
evolutionary, transient numerical geomechanical models to study the coupling between tectonic loading, fluid
flow, compaction, permeability, and strength in both hanging wall and the footwall. In these numerical models
we employ SR3, a critical state formulation more complex than MCC. We find a rapid increase in overpressure
across the trench, which is sufficiently large to outpace the increase in overburden stress. This results in higher
overpressures in the hanging wall compared to the footwall. We show that both mean and shear stress contribute
to pressure generation, and that the often-ignored shear-induced pressures are significant, especially in the trench
area. Furthermore, we find that high overpressure reduces the normal stress at the décollement and results in a
weakened megathrust that initiates a few km in advance of the trench and persists to several tens of km into the
subduction zone.
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sediment o o,

Figure 1. Schematic of an accretionary wedge with subduction paths of hanging wall (A;-A,) and footwall sediments (B -
B,). In hanging wall, transition from vertical burial (uniaxial strain) to lateral compression rotates the principal stresses; in
footwall, the stress state remains approximately uniaxial.

2. Quantification of Compaction and Fluid Overpressure
2.1. Mudrock Compaction

Porous, un-cemented mudrocks compress in response to variations in both mean effective stress, o, (Equation 1;
see Appendix A for nomenclature) and deviatoric stress, g (Equation 2) (Wood, 1990):

/ / / / / ’
o, +0,+o0; _ o, +o0,+oy
3 3 ’

/
Oy =

ey

qz\/(61_0'2)2+(o'2 —263)24‘(0'3—0'1)2, 2)

where o-i, aé, and o-; are maximum, intermediate, and minimum principal effective stresses, respectively; o, o,,
and o, are the corresponding total stresses; and o, ‘7;1’ and ‘7;1 the vertical, minimum horizontal, and maximum
horizontal (but not necessarily principal) effective stresses. Total stresses are related to effective stresses through
the effective stress principle (e.g., Terzaghi, 1925); for example, in the case of mean effective stress,

Om =0) +u, 3)
where o, is the mean total stress and u the pore fluid pressure.

The dependence of compaction on both mean effective and deviatoric stress is described by a family of porous
elastoplastic constitutive models that are based on critical state soil mechanics (Wood, 1990). A substantial
body of field and experimental data have demonstrated that this framework captures the deformation behavior
of marine sediments, including those in subduction zone settings (Flemings & Saffer, 2018; Hauser et al., 2014;
Karig, 1990; Kitajima & Saffer, 2012; Song et al., 2011). Here, we employ a simple but widely used critical state
model, the MCC formulation (Roscoe & Burland, 1968; Wood, 1990) to illustrate the contribution of both mean
effective stress and deviatoric stress to compaction and pressure generation.

We consider a deviatoric stress (g) versus mean effective stress (c),) vs. porosity (n) space (Figure 2). We compare
the porosity change caused by: (a) an increment in mean effective stress (o},) with no deviatoric stress (g) change
(blue path 1-2; Figure 2) and (b) the same increment in mean effective stress accompanied by the maximum
possible deviatoric stress increase that brings the sediment to shear failure (red path 1-3; Figure 2). Even though
both loading paths have the same change in mean effective stress (67  to ¢/ ; Figure 2), the porosity () decreases
more along the path to shear failure (red path; Figure 2) than along the isotropic axis (blue path). This additional
porosity change (An, = n, — n;) represents the shear-induced compaction. A simple explanation for this addi-
tional porosity loss in clay-rich sediments is that shear stress promotes more efficient packing and alignment of
clay platelets (Karig, 1986).

Uniaxial strain is a common compaction path in sedimentary basins, in which the vertical stress is progressively
increased due to sedimentation and burial: zero lateral strain is maintained due to symmetry in the horizontal
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Figure 2. Schematic of the relationship between mean effective stress (o7,),
deviatoric stress (g), and porosity (n) as described by the critical state theory
(Wood, 1990). (a) Mean effective stress (c,,; Equation 1) versus deviatoric
stress (g; Equation 2). Along the isotropic line there is no deviatoric stress.
The critical state line describes the maximum deviatoric stress the sediment
can support at a given mean effective stress. Compaction along paths with
constant q/c,, ratio is represented by lines with constant slope (Equation 6,
dashed orange line; Equation 5: uniaxial stress ratio, dashed green line).
Iso-porosity lines (dotted curves) represent different combinations of mean
and deviatoric stress that lead to a given porosity: with increasing deviatoric
stress, lower mean effective stress is needed to compress to the same porosity.
Along loading path 1-2 (blue), both vertical and horizontal stress components
increase equally (deviatoric stress remains zero). Along loading path 1-3 (red),
the horizontal stress increases more than the vertical, resulting in deviatoric
stress, ¢5. (b) Mean effective stress (o;,) versus porosity (n). For the same
increment in mean effective stress, a trajectory along the isotropic line results
in less porosity loss than along the critical state line. Even though the mean
effective stress increase is the same in both loading paths (6] 06’ , =0 ),
the deviatoric stress in path 1-3 changes by g5, driving additional porosity
decrease (An,=n, —ny).

plane. Along this loading path (dashed green, Figure 2) the ratio of horizontal
to vertical effective stress remains approximately constant, and is known as
the uniaxial stress ratio, K

Ko = “4)

cqs.l :-q~

Combining Equations 1-4, the slope of the uniaxial compaction path in the
q — o,, space is constant, and a function of K, (dashed green line, Figure 2a):

e 31-Ko)
o= o T U +2Ky) 3)

o-m,KO
Non-uniaxial strain conditions that maintain a constant ratio of minimum
to maximum principal effective stress, K, also follow a linear path in g — o),
space with slope given by (dashed orange line, Figure 2a):

g _3(1-K)

= T A+2K)

Q]

o

(8

where K = -; under a triaxial stress state, K =

S

c

The critical state line is a special case that describes the maximum deviatoric
stress, g, that the sediment can withstand under a given mean effective stress.
The slope of this line (M; black line in Figure 2) is a function of the friction
angle of the material, ¢". In conventional triaxial compression (¢] > o) = 07),
and for a cohesionless material,

qy 6sing’
= =M= ——T
1 o 3 —sing’ @

Combining Equations 6 and 7, we obtain the generalized stress ratio that
does not assume a constant ratio of minimum to maximum principal effective
stress:

n=—=—M. ®)

This shear-stress ratio, 7, varies between O (isotropic stress state) and M
(shear failure) and represents the deviatoric stress, g, relative to its value at
critical state, g,

In triaxial compression loading mode, and for cohesionless sediments, the

critical state line in the MCC formulation is equivalent to the Mohr-Coulomb

failure line (Roscoe & Burland, 1968). In plane-strain loading mode, the

MCC critical state line is steeper than the Mohr-Coulomb shear failure line,

1, (Roscoe et al., 1958). 7, is a function of all principal stresses; in the average
o';+ a;ﬂrg

!
0. . . . . e
stress (73) and maximum shear stress (T) space, it simplifies to:

[#7:] = sing’. )

In active and growing critical accretionary wedges, where we commonly
assume plane-strain deformation and sediments to be at Coulomb failure
under lateral compression (e.g., Karig, 1990; K. L. Wang & Hu, 2006), the
stress state is described by 7, (Flemings & Saffer, 2018).
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2.2. Mean-Stress- and Shear-Induced Compaction
We describe the evolution of strain with progressive loading. We decompose the volume strain into a component
driven by mean effective stress, do,,, and a component driven by deviatoric stress, dg:
de, do,, dq do, — du dq
— =6mp— + — =Gm + o) 10
a S TG T @ 0 1o
where £, represents the mean stress loading efficiency, ¢, is the shear stress loading efficiency, and 7 the time.
The loading efficiencies in Equation 10 have the same units as compressibility and represent the increment in
volumetric strain resulting from an increment in mean-effective and shear stress respectively. o,,, 6,,, and u are
related through the effective stress principle (Equation 3).
Using the MCC framework, the loading efficiencies can be expressed as (Appendix B, Equations B1-B10):
=) )+ el (25)
m = + , 11
€ [(1+e>(M2+n2 l1+el\onw—u an
A—k 2n ) ( 1 )
= , 12
S (1+e>(M2+n2 Om—U (2
where « is the elastic unloading modulus, 4 is the elastoplastic loading modulus, and M the slope of the critical
state line (all three of these are material properties), 7 is the shear-stress ratio (Equation 6), and e is the void ratio,
which is related to porosity, n:
e=—" 13
1— n’ ( )
Equation 10, together with Equations 11 and 12, describes the volume change for an increment of loading as a func-
tion of (a) both mean and deviatoric stress changes (do,,, dg); (b) material parameters (friction angle and compress-
ibility; e.g., 4, k, M) and (c) the initial stress state, that is, the position of the sediment in porosity—mean effective
stress (o,, — u)—shear stress space (e.g., Figure 2) before the application of the loading increment (do,,, dg).
2.3. Mean-Stress- and Shear-Induced Fluid Overpressure Evolution
Assuming conservation of fluid mass in a deforming porous medium, Darcy's law, and incompressible solid
grains, the change in volumetric strain can be expressed as (Appendix B, Equations B11-B16):
De, e Du 1 prk )
= — =V —V-.u). 14
Dt (ﬂf<1+e)>Dt or (u “ (19
Where p, is the density of fluids, y is the viscosity of water, k the intrinsic permeability, and u, the overpressure.
The overpressure is the difference between pore fluid pressure,  and hydrostatic pore pressure u,:
Ue = U — Up. (15)
Substitution of Equation 10 into Equation 14 then yields:
e Du Doy, Dg 1 ( prk >
m )5 = Cm - —V.|(—V- e |-
(ﬂf<l+e>+§)Dt “or Yot u (16)
With S = g % + &, (storage coefficient) : 17
e
&=§_D6m+ é_q +LV. pLV.ue i
Dt S Dt S Dt S Pr H (18)
—— “—— _
Dum /Dt Dud /Dt D/ i
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The pore-pressure coefficients &,/S and £ /S are the loading efficiencies normalized by the storage coefficient
and represent the increment in pore pressure resulting from an increment in mean and shear stress, respectively.
They are analogous to Skempton's A and B pore-pressure coefficients (Skempton, 1954), for a generalized stress
state and loading increment.

Equation 18 illustrates that three terms control overpressure generation: (a) the pressure induced by the change
in mean stress (Du™); (b) the pressure induced by the change in deviatoric (shear) stress (Du?); and (c) the
change in pressure due to flow in or out of the volume, which we term a dissipation pressure (Dud*) because in
almost all cases the sediment is compacting and thus fluid is expelled. Equation 18 is similar to that presented
by Neuzil (1995) to describe the generation and maintenance of anomalous fluid pressure due to a range of
geological driving mechanisms. However, unlike Neuzil's (1995) formulation, Equation 18 explicitly includes the
important effect of deviatoric stress (g) on pore pressure. This effect—which is well established experimentally
for normally consolidated sediments (Roscoe & Burland, 1968; Wood, 1990)—is not considered in poro-elastic
models (H. Wang, 2000), or in previous models of coupled flow and deformation in subduction zones (Ellis
et al., 2015; Ge & Screaton, 2005).

The fundamental form of Equation 18 is independent of the choice of constitutive model, as long as the consti-
tutive formulation describes volumetric change as a function of both mean and deviatoric stress. Using MCC
(Roscoe & Burland, 1968; Wood, 1990), we quantify the storage coefficient (similar to the loading coefficients;
Equations 11 and 12):

_ e _ e A—k M2—772> K l( 1 )
S_ﬁf1+e+§m_ﬂf1+e+[<1+e>(M2+n2 +1+e Om—1u) (19)

2.3.1. Importance of Initial Stress State

The pore-pressure coefficients £, /S and £ /S (Equation 18) depend on the initial (pre-loading) stress state of the
sediment: the mean effective stress, ¢}, = 6, — u, the void ratio, e (or porosity), and the shear-stress ratio, 5 (Equa-
tions 11, 12, and 19). We quantify and compare these pore-pressure coefficients for initial stress states that have
the same porosity (lie on the same iso-porosity curve, n = 0.24; inset in Figure 3a) but varying initial shear-stress
ratio, 7 (e.g., isotropic [blue], uniaxial [orange], critical state [green], and values in-between; Figure 3a).

We find that & /S is relatively insensitive to the initial state in the o,, — ¢ space: it equals 1 if the stress state is
isotropic before the application of the increment (7 = 0; blue point on black line, Figure 3a), and decreases to
0.8 if the sediment is already at critical state before the application of the increment (green point on black line,
Figure 3a). As a result, increments in mean-stress-induced overpressure vary between 100% and 80% of the
mean-stress change, respectively.

In contrast, £ /S is strongly dependent on the initial stress state. Its value is minimal at or near an initial isostatic
stress state (blue point on red line, Figure 3a), and increases rapidly as the initial stress state approaches critical
state (red line, Figure 3a). For typical material properties in the MCC model, £ /S can increase by a factor of 20
between uniaxial and critical initial states (orange and green points on red line, Figure 3a). This quantification
of £ /S illustrates that shear-induced overpressure is very sensitive to the sediment shear-stress ratio and can be
several times the deviatoric-stress change when the sediment is close to critical state.

The pore-pressure coefficients incrementally evolve along a loading path as a function of the evolving porosity,
mean stress, and shear-stress ratio. The strong dependence of £ /S on the initial state results in progressively
higher shear-induced overpressures along loading paths that increase the shear-stress ratio (Figure 3b). Consider,
for example, three undrained loading paths that have the same overall change in mean total stress, do,, but differ-
ent amounts of deviatoric stress change, dg (%" =1, 2 3; blue, red, and green paths, Figure 3b). Higher %‘;

ratio values lead to progressively higher n values along the loading path, which accelerates the generation of
shear-induced overpressures (Figure 3b). Shear-induced pressures may eventually become more significant than
mean-stress-induced pressures (e.g., green vs. dashed black line, Figure 3b).

The exact value of the shear pore-pressure coefficient, £ /S, depends on the choice of constitutive model and input
parameters; however, the rapid increase in & /S with increasing shear-stress ratio is characteristic of critical-state
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(a) Effect of pre-loading shear on pore-pressure coefficients

(b) Effect of loading path on overpressure generation
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Figure 3. Importance of initial stress state for overpressure generation. (a) Pore-pressure coefficients £, /S (black line) and & /S (red line) calculated as a function of
the initial shear-stress ratio, 5. Three stress states are highlighted: isotropic stress state (7 = 0, blue), stress state at uniaxial strain (7 = 0.23, orange), and stress state at
critical state (y = M = 0.91, green). Initial porosity n = 0.24 (¢ = 0.31). Modified Cam Clay (MCC) parameters: k = 0.01, 1 = 0.1, M = 0.91, ¢, = 0.65 for 6,, = 1 MPa.

iso

p= 5 x 10~ MPa~!. Yield and iso-porosity surfaces are assumed the same (x << 1). (b) Mean-stress- (dashed black line) and shear-induced overpressures (solid lines)
incrementally calculated for three undrained loading paths. All paths start at the same isotropic stress state o,,, — 1, = 30 MPa and end at states with the same mean
reduced total stress, 6,, — u, = 34 MPa, and increasing deviatoric stress (:T" = 1[blue], 2 [red] and 3 [green]). Total stress paths in solid arrows, effective stress paths

along iso-porosity curve. n, = 0.24; same MCC parameters as in (a).

models and highlights the importance of shear-induced pore pressures in tectonic environments undergoing a
dramatic change in stress state, such as those at the trench of subduction zones, near-salt, or in extensional
regimes.

2.3.2. Overpressure Generation Along Paths With Constant Shear-Stress Ratio

Along loading paths with constant shear-stress ratio, 7 = 1, (Figure 2; o;, — ¢ space), Equation 18 simplifies to
(Appendix B):

k
D”—é_KDO"" 1 V.(”Lv.ue), (20)

Dt~ Sk Dt | Skor "

with a combined loading efficiency coefficient:

gK:(lie)(oml—u)’ @b

and storage coefficient:
e
Sk = ﬁf—e +&k. (22)

In this case, the pore-pressure coefficient, £;/Sy, depends only on compressibility (4), fluid compressibility (5)),
mean effective stress (6, — u) and void ratio (e). Shear-induced overpressures are still generated (and encapsu-
lated in the term &,/S,); however, they are proportional to mean-stress-induced overpressures, and are independ-
ent of the shear-stress ratio, 7 (Appendix B).

Therefore, along any loading path following a constant shear-stress ratio, the generated overpressures are propor-
tional to the change in mean total stress (Equation 20). This highlights that formulations based on the mean stress
will perform well when the shear-stress ratio is not changing, regardless of the particular stress state. However, in
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scenarios where the shear-stress ratio changes during loading, shear-induced pore pressures are potentially much
larger and independent from changes in mean stress; in such cases, the full Equation 18 should be employed.

In the interior of active accretionary wedges, assumed to lie at a state of Coulomb failure, the shear stress ratio
is constant (e.g., Dahlen et al., 1984) and pressure changes are proportional to the change in mean total stress.
Furthermore, for typical compressibilities and effective stress levels, the variation of &,/S, is small and its value
is greater than 0.9 but less than 1.0 (Appendix B, Figure B1). Consequently, generated overpressures are approxi-
mately equal to changes in mean stress. This reflects a value for Skempton's B coefficient approaching 1.0, which
is also proposed by Neuzil (1995).

Assuming that vertical stress remains one of the three principal stresses, and that the stress ratio remains constant
(n = ny), the ratio of horizontal to vertical effective stress is also constant and equal to K (Equation 6). Equa-
tions 1, 3, 6, and 20 can then be re-written as a function of the vertical stress, o,

» Do, k
Du_& Doy, 1 V-(pLV-m,), 23)

E a SU dt Svpf 12

where S, = ff f + & € = Ek % for a triaxial stress state, and &, = &g w for plane strain (A = f(y,

M); Appendix B). In such cases, the induced overpressures are proportional to the overburden change and will
parallel the topographic slope. Non-vertical loading (e.g., lateral tectonic loading in accretionary wedges) is
incorporated through the stress ratio, K.

2.4. Application in an Accretionary Wedge

To illustrate how the factors described above interact and drive pore fluid pressure, we first develop analytical
estimates of overpressure as a sediment volume is consumed into an accretionary wedge. This approach requires
simplifying assumptions, but provides insight into how the stress state, material parameters, and loading path
affect overpressure development.

We consider a simplified geometry of the trench area of an accretionary wedge (Figure 4), with a sediment
volume V entering the wedge (V1-V2-V3; Figure 4a). We divide the cross section into three regions (Figure 4a):
(a) the area seaward of the trench, where stresses are uniaxial (Equations 4 and 5); (b) the trench area, where the
horizontal stress increases and becomes the maximum principal stress; and (c) the area landward of the trench
within the accretionary wedge, where sediments are at compressional frictional failure. We assume the following:

1. Stress: The vertical stress remains a principal stress and equal to the overburden. The horizontal effective
stress increases linearly from its value under uniaxial conditions to its value at compressional failure inside
the wedge (Equation 9). The intermediate principal stress is determined from Equation B28 (Roscoe &
Burland, 1968).

2. Overpressure: There is no initial overpressure (at the location of V1). Relative overpressure, described by
overpressure ratio, A*:

% _ Uu—up
gt @
equals 0.4 in the wedge. This value is chosen to facilitate comparison with our numerical results. A* increases
linearly with distance along the profile in the trench area; this assumption allows for the calculation of total
overpressure, u,.
3. Porosity: The initial porosity (n,) equals 0.26 at the décollement depth seaward of the trench.

We use Equation 18 to explore how the mean (u”; green) and shear (u?; red) components of overpressure develop
as the sediment volume traverses the trench area (Figure 4). We also obtain the dissipated pressure (black;
Figure 4) %> =y, — (" + u?). The increase in horizontal stress, due to tectonic loading, increases the mean
stress and the deviatoric stress. The mean-stress-induced overpressures increase steadily across the trench area
(green lines, Figure 4b). In contrast, the shear-induced overpressures initially decrease and become negative at
the beginning of the transition zone. This is because deviatoric stresses decrease, as the horizontal stress increases
relative to the vertical stress (red lines, Figure 4b). Once the horizontal effective stress becomes higher than the

NIKOLINAKOU ET AL.

8 of 38

9SULOITT SUOWIWOY) dANEAI)) d[qedi|dde oYy £q pauIoA0S aie 991 YO (ash JO Sa[nI 10J AIeIqIT SuI[uQ AJ[IA\ UO (SUOIIPUOI-PUEB-SULIA)/ W00 AJ[1M AIeIqI[aul[uo//:sd)iy) SUonIpuoy) pue s [, a4} 39S "[$707/90/01] uo Areiqr autjuQ L[IM ‘b0SSTOLLT0T/6201°01/10p/wod Kapim Krelqiaurjuo sqndnSe//:sdiyy woiy papeojumo( ‘9 ‘€207 ‘95€66917



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2022JB025504

Trench

Frictional failure K

i Uniaxial
r*=0.4 «— Transition «—
T n,=0.26; 1 *=0

0,=0, o, = 3 km

o,=0
"ﬁ V=04
0,04 V1 y
T

(b) 60 T T T T

50 uediss

Uniaxial_

- Mo

Deviatoric stress, q

Mean effective stress, o’ |

30

20 =

Overpressure components (MPa)
1
1o
1
/

20 15 10 5 0 -5

Distance from trench (km)

Figure 4. Analytical estimates of overpressure components as a sediment volume is consumed into an accretionary wedge.
(a) Schematic of sediment path from seaward of the accretionary wedge (V1; blue), where strain conditions are uniaxial,
through the transition zone (V2, black), where the horizontal stress increases, and into the wedge (V3; orange), where
sediments are assumed at frictional failure. (b) Calculated mean-stress- (green lines), shear-induced overpressures (red
lines), and dissipated pressures (black lines). Solid lines represent strong sediments (¢’ = 33°) and dashed lines weak ones
(¢" = 14°). Critical taper slope a = 1.5 and 3.1° respectively; f,= 5 X 10-*MPa~!, k=0.01,A=0.1.

vertical, the deviatoric stress progressively increases faster than the mean effective stress. The generation of
shear-induced overpressures accelerates (red lines, Figure 4b) because at each loading increment the shear-stress
ratio n (Equation 8) increases, leading to a nonlinear increase in the pore-pressure coefficient ¢ /S (Figure 3a).
Inside the wedge, the shear-induced overpressures increase linearly because they are a function of mean stress
changes (sediments at Coulomb failure, Equation 20).

Sediment frictional strength affects the progressive development of overpressure (solid vs. dashed lines, Figure 4).
In the transition zone, stronger sediments (parameterized by the friction angle, ¢") develop higher mean-stress-
induced pressures (solid green line, ¢’ = 33°) than weaker sediments (dashed green line, ¢’ = 14°). Stronger
sediments also develop shear-induced pressures at a higher rate (solid red line) than weaker sediments (dashed
red line). This is because weaker sediments support less deviatoric stress at frictional failure (end of transition
zone). In weaker sediments, shear-induced pressures at the end of the transition zone are higher than mean-stress-
induced ones (dashed lines). Inside the wedge, both mean and shear overpressures increase as a function of the
mean stress (Appendix B); the taper angle is set to be higher for the weaker sediments, and consequently both
overpressure components (dashed lines) increase faster than in the stronger sediments (solid lines).
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(a) Initial geometry
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Figure 5. Model set-up and boundary conditions. (a) Initial geometry. (b) Final geometry at the end of the simulation. The
vertical wall is displaced 85 km to the right. Results are plotted in the framed, 60 km-wide area near the trench. The trench is
defined as the point where the surface slope angle begins to increase.

3. Numerical Geomechanical Model

We next use a transient, evolutionary numerical model to quantify the distribution and temporal evolution of
stress, fluid pressure, and deformation in a growing accretionary wedge. This forward geomechanical model
builds upon the concepts developed above but captures the progressive evolution of stress and strain tensors
and provides the detailed spatial distribution and interrelation between stress state, pressure generation, and
compaction.

3.1. Model Overview

We model a 5 km thick sedimentary section on the incoming oceanic plate (Figure 5a). A proto-décollement is
located 3 km beneath the seafloor, such that the lowermost 2 km of sediments are subducted at the trench, and
the uppermost 3 km are offscraped and incorporated into the growing accretionary prism. The model domain
is 255 km wide. We impose a condition of zero vertical displacement along the base, and of zero horizontal
displacement at the right-hand boundary (Figure 5a). To simulate the formation of an upper plate accretionary
wedge, we move the left (landward) edge of the sediment above the décollement at a constant rate of 5 mm/
year for a total distance of 85 km. This convergence rate is slower compared to most active margins (Clift &
Vannucchi, 2004); however, for the study of pore pressure generation and dissipation, it scales with the assumed
sediment thickness, which is relatively large (Clift & Vannucchi, 2004). We also conduct sensitivity analyses to
further explore the role of convergence rates.

The décollement is defined as a discrete surface with a friction coefficient y, = 0.2, a value typical for clay-rich
sediments and faults (Ikari & Saffer, 2011). For simplicity, the décollement and the base of the model are set
to be horizontal. The friction coefficient of the contact between the left rigid wall and the upper sediment layer
(Figure 5a) is constant and equal to the sediment internal strength (set at p = 0.44).

The sea surface is 12 km above the base of the model and the initial pore pressure in the sediments is hydrostatic.
The effective stress is zero at the top of the model (seafloor). No fluid flow is permitted across the base and side
boundaries. The sea floor is a free-flow boundary. There is no flow parallel to the frictional contact that simulates
the décollement; flow across the décollement contact is unrestricted, with an equivalent transverse permeability
~10 orders of magnitude higher than that of the surrounding sediments. As a result, transient flow between the
hanging wall and footwall depends on sediment properties and overpressure gradient and it is unaffected by the
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frictional interface. This simulates the effect of a permeable fault zone, as has been interpreted for the décolle-
ment at many subduction zones (e.g., Saffer, 2015).

3.2. Material Properties

We treat the sediments as a homogenous, isotropic, and porous elastoplastic material described by the SR3
critical-state constitutive model (Crook, Willson, et al., 2006). SR3 captures key elements of soil and marine sedi-
ment rheology and is similar in concept to the MCC model (Crook, Owen, et al., 2006). Model input parameters
are summarized in Table C1 (Appendix C) and detailed in Crook, Willson, et al. (2006).

We specify density using a porosity—effective stress relationship (Figure C1). We describe the stress-strain
behavior using a formulation that relates effective mean stress (o},), deviatoric stress (g), and porosity (n)
(Figures C1 and C2). We define the yield surface evolution (hardening) using an empirical relationship between
the compressive and tensile intercepts of, and o}, of the yield surface with the isotropic axis (Figure C2) and the
volumetric plastic strain, €/ (Figure C3). We input the sediment friction angle that represents frictional strength in
triaxial compression (¢, = 23.5°; friction coefficient u = 0.44) (Bourlange et al., 2003; Ikari et al., 2009; Kopf &
Brown, 2003). The frictional strength for other modes of loading (e.g., triaxial extension) is scaled as a function
of the Lode angle (Crook, Willson, et al., 2006).

Transient fluid flow depends on both permeability (Figure 6b) and compressibility (Figure 6a), via the coefficient
of consolidation (Terzaghi et al., 1996). Under uniaxial strain conditions:

co = L, (Figure 6c), (25)
umy

where m,, is the coefficient of volume compressibility, k the intrinsic permeability, and u the viscosity of water.

Sediment compressibility and permeability are assumed to be isotropic and vary with porosity. In the SR3 frame-
work, porosity is a function of mean effective stress and shear stress (Figures 2 and C1) and evolves with stress
changes resulting from burial and tectonic loading. Hence, the framework describes volume and permeabil-
ity changes along any given stress path. We illustrate the variation of compressibility and permeability with
porosity and vertical effective stress under uniaxial strain conditions (Figures 6a and 6b). We consider three
permeability-effective stress (or porosity) relationships under uniaxial strain conditions (Figure 6b), spanning the
range of values reported for mudrocks entering subduction zones (Figure C4). We use the “medium permeability”
relationship for the base case model and the “high” and “low” relations for sensitivity analyses.

Overall, our material calibration approach emphasizes correctly modeling the transient consolidation behavior
of sediments, quantified by the coefficient of consolidation, ¢, (Figure 6). The compressibility we prescribe
(Figure 6a) is somewhat lower than that of shallowly buried porous mudrocks characteristic of the shallow parts
of subduction zones (Flemings & Saffer, 2018; Kitajima & Saffer, 2012). However, the ¢, values that result from
our input compressibility and permeability values (Figure 6¢) are consistent with those reported for on mudrocks
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characteristic of marine environments, including Nankai (107°-~10~% m?%/s; Flemings et al., 2008; Schneider
et al., 2009; Skarbek & Saffer, 2009).

3.3. Numerical Technique

We use the finite element program Elfen (Rockfield, 2017). Elfen has been rigorously benchmarked in a
thrust-wedge study (Buiter et al., 2016) and through simulations of sandbox experiments (Crook, Willson,
et al., 2006; Nollet et al., 2012). The code allows for transient hydromechanical analyses with Lagrangian and
Eulerian reference frames used for the mechanical and fluid phases, respectively (Appendix C), and it supports
critical state constitutive models (Peri¢ & Crook, 2004; Thornton et al., 2011). Elfen has been used to simulate
coupled geomechanical and hydrological behavior in complex, evolving geological settings, including fold and
thrust belts, salt systems, extensional and compressional tectonic regimes, and carbonate platforms (Albertz &
Sanz, 2012; Angus et al., 2015; Gao et al., 2018; Heidari et al., 2019; Nikolinakou et al., 2018; Nollet et al., 2012;
Nolting et al., 2018; Thigpen et al., 2019; Thornton & Crook, 2014).

The program uses automated adaptive-remeshing to address excessive distortion of elements caused by large
deformations. Adaptive remeshing refines the mesh in areas of high strain gradients and replaces the mesh
in areas of high element distortion (Peri¢ & Crook, 2004; Thornton et al., 2011). The finite-element mesh is
composed of unstructured quadrilaterals with an initial element size of 200 m and a re-meshed size down to 50 m.
The average size element size varies between 100 and 200 m.

4. Results

In simulations, the accretionary prism forms a self-similar geometry with a constant slope: the geometry, stress,
and pore pressure inside this self-similar wedge do not change with time relative to the position of the advancing
trench, similar to conceptual models for accretionary wedges (Bekins & Dreiss, 1992; Dahlen et al., 1984). We
report horizontal distances relative to the trench (Figure 5b).

4.1. Strain Evolution

We trace the strain history of sediments above and below the décollement (Figure 7). The sediment elements are
initially located outboard of the trench and are deposited under vertical uniaxial strain (burial). Hence, the maxi-
mum strain (blue, Figure 7a) is vertical. Strain in the hanging wall evolves from this uniaxial state to compres-
sional failure inside the wedge along a zone that we term the transition zone (Figure 7). This zone extends from
10 km seaward to about 10 km landward of the trench in our base case (Figure 7). As sediments enter the transi-
tion zone, lateral tectonic loading rotates the strain ellipse, such that the maximum strain becomes sub-horizontal
at the landward edge of the transition zone. During this rotation, shortening and elongation occur concurrently
in the maximum and minimum strain direction, respectively. Inside the wedge, shortening continues in the
sub-horizontal direction and elongation in the sub-vertical one. Overall, the minimum principal strain (;) rotates
away from its initial horizontal direction to a sub-vertical one. In the footwall, there is little rotation of the strain
ellipse because of the limited transmission of shear across the décollement (Figure 7a). The maximum strain
remains practically vertical and shortens as the thickness of the wedge increases. There is a significant contrast
in sediment strains above and below the décollement (Figure 7b). This strain field is similar to observations of
principal strain orientations in drill core samples from the shallow portions of well-studied accretionary wedges,
including fabric orientation (Byrne & Fisher, 1990; Hamahashi et al., 2013; Morgan et al., 1994; Owens, 1993),
electrical resistivity anisotropy (Henry et al., 2003), anisotropy of magnetic susceptibility (Housen et al., 1996),
and P-wave velocity anisotropy (Briickmann et al., 1997).

4.2. Stress State, Overpressure, and Porosity

The stress state in the hanging wall changes from uniaxial loading seaward of the trench to lateral compressional
failure inside the wedge (c.f. Figure 1). In the transition zone, increase in the lateral loading leads to an increase
in the mean total stress (Figure 8a) and the deviatoric stress, g (Equation 2). The ratio g/q, (illustrates proximity of
a sediment element to shear failure; Figure 8b) increases from 0.25 seaward, where sediments are under uniaxial
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Figure 7. (a) Strain ellipse evolution of sediment elements as they enter into the accretionary wedge. Maximum principal
strain (¢,) in blue and minimum (e;) in red. (b) Detail of (a) showing strain ellipses of sediment elements immediately above
and below the décollement at the seaward and landward ends of the transition zone, and inside the wedge.

burial stress conditions (blue color, Figure 8b) to 1 inside the wedge (red color, Figure 8b), where sediments are
at Coulomb failure.

Overpressure begins to develop outboard of the trench within the transition zone (Figure 8c). In this region, there is
no increase in overburden stress, because the topography is horizontal. Thus, overpressure outboard of the trench
is driven exclusively by lateral loading associated with the advancing wedge. Overpressure increases rapidly
across the transition zone (steep overpressure contours, Figure 8c). Landward, within the wedge (x > 10 km), the
overpressure continues to increase in response to tectonic loading and increasing overburden. In this zone, the
sediments are at frictional failure (Figure 8b), which is a stress state with constant shear-stress ratio, = 7, and
overpressure changes are proportional to vertical effective stress changes (Equation 23). As a result, overpressure
contours are parallel to the surface slope (Figure 8c). The overpressure ratio, 1* (Equation 24), increases from 0
(hydrostatic pore pressure) to 0.5 in the wedge (Figure 8d). The nearly constant value within the wedge results
from the critical state of sediments landward of the transition zone together with limited drainage. In contrast, the
rapid increase of A* across the trench highlights the role of early tectonic loading—and concomitant changes in
stress path—in pressure generation.

There is a discontinuity in stress across the décollement (Figures 8a and 8b). The hanging-wall sediment stress
state is on or near the critical state line (A ,—A,; circles, Figure 8f); in contrast, the footwall stress state has
much lower deviatoric stresses (A;—A,; triangles, Figure 8f). This very different stress state above and below the
décollement is independent of drainage, as it is also observed in fully drained models (gray circles and triangles,
Figure 8f). Immediately below the décollement, the deviatoric stress is greater than in the uniaxial case (A;;
open white triangle, Figure 8f) and the shear-stress ratio is higher than uniaxial (Figure 8b); this is because some
shear stress is transmitted to the footwall owing to the frictional strength of the décollement. With depth, shear
stresses decrease toward the uniaxial value (A;—A,; Figure 8f). Landward, along the subduction path, the foot-
wall shear-stress ratio increases (cyan to green contours, Figure 8b).
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Figure 8. Color contours of: (a) mean total stress, (b) shear-stress ratio (¢/q,), (¢) overpressure, (d) overpressure ratio, () porosity. (f) Vertical stress profile along A
(A,—A,, shown in (e)) of mean effective stress and deviatoric stress for hanging-wall (red circles) and footwall (green triangles). A, and A, represent the stress state
immediately above and below the décollement, respectively. The gray circles and triangles represent the stress state resulting from drained loading in the hanging-wall
and footwall respectively (Gao et al., 2018). (g) Porosity along profile A (red: hanging-wall, green: footwall) and porosity from drained model (gray lines).

Starting seaward of the trench and for about a 30 km distance landward, the hanging wall pressures are greater
than the footwall pressures (Figure 8c). In this area, tectonic loading is the main driver for overpressure and only
a small percentage of the tectonic load is transmitted across the décollement (Figure 8c). Beyond 30 km landward
from the trench, the pressure in the footwall exceeds that in the hanging wall. As sediments subduct, they undergo
a successively increasing sediment loading by the increased height of the wedge. This overburden load eventually
generates higher overpressure in the footwall than is present in the overlying wedge (Figure 8c).

There is a significant porosity offset across the décollement that begins at the trench and extends for tens of km
landward (Figures 8e and 8g). Lateral tectonic loading compacts sediments above the décollement relative to
those below, despite the higher overpressure (Figure 8e). Along Profile A (Figure 8e), higher mean and deviatoric
stresses above than below the décollement (white circle vs. triangle, Figure 8f) lead to an offset of three porosity
units (white circle vs. triangle, Figure 8g).
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Figure 9. Stress and compaction paths for hanging-wall and footwall
sediments just above and below the décollement (pink and cyan squares
respectively). (a) Path of sediment volumes with contours of shear stress to
shear strength ratio (¢/g,). (b) Mean effective stress—deviatoric stress space
showing stress paths of hanging wall (a—c, pink) and footwall (d—f, cyan)
sediments. (c) Corresponding sediment compaction paths.

4.3. Evolution of Stress State and Compaction

We track sediment elements in the hanging wall and footwall (a—c and d—f
respectively; Figure 9) to illustrate the evolution of stress and porosity during
progressive subduction. The elements are located just above and below the
décollement. Initially, both elements are under vertical uniaxial strain condi-
tions (a and d, Figures 9b and 9c).

As the sediment volume above the décollement passes through the transi-
tion zone (a-b, Figure 9), deviatoric stress increases rapidly (closely spaced
contours in Figure 9a) because of the increase in lateral loading. Initially, the
increase in mean effective stress is small (initial part of a—b is almost vertical,
Figure 9b) because of the rapid increase in overpressure (Figure 8c). Even-
tually, lateral tectonic loading, increase in overburden, and partial drainage
result in a progressive increase in mean effective stress (Figure 9b). This
increase in mean effective stress together with the rapid increase in deviatoric
stress leads to a porosity decrease of 0.04 units (a—b, Figure 9c). Within the
wedge (b—c, Figure 9b), both mean effective and deviatoric stress continue
to increase at a constant ratio #, (wedge sediment at Coulomb failure, Equa-
tion 9). Porosity continues to decrease but at lower rate (b—c, Figure 9c),
because volume changes are proportional to changes in mean stress under
constant stress ratio (Equation 20 and Appendix B).

In the footwall, shear stress transmitted across the décollement increases the
deviatoric stress (Figure 9b). Below the trench (transition zone), downward
flow from the more overpressured hanging wall sediments increases the foot-
wall overpressure (Figure 8c) and decreases the mean effective stress (d—e,
Figure 9b). This results in a slight porosity increase due to elastic unloading
(initial part of d—e, Figure 9c). Eventually, porosity decreases because of the
increase in deviatoric stress (second part of d—e, Figure 9c). As the sediment
volume is further subducted beneath the wedge, both the effective stress and
the shear stress increase (e—f, Figure 9b). This increase further compacts the
footwall sediments (e—f, Figure 9c).

The sediment volume above the décollement is compacted 0.052 porosity
units as it enters the wedge (a—c, Figure 9c). 0.028 units of this porosity
loss correspond to compaction that would occur under uniaxial strain (a—cy,
Figure 9c). The remaining 0.024 units represent the additional compaction
that results from the increase in shear-stress ratio from its uniaxial value to
frictional failure (cy—c, Figure 9c). This shear-related porosity loss accounts
for 46% of the total porosity change and illustrates that shear-induced
compaction becomes significant when the shear-stress ratio increases during
the loading path (similar to shear-induced overpressures; Figure 3b).

4.4. Overpressure Mechanisms

We now explore the sources of overpressure as the sediment volume at the
décollement level is incorporated into the wedge (Figure 10). Specifically, we

quantify each of the terms in Equation 18 (u”, uf, ud***). Initially, as the volume passes through the transition zone

(a-b, Figure 10b), shear-induced overpressures (1) increase faster than mean-stress-induced pressures (u™) (red

vs. dashed green lines, Figure 10c). The shear-induced overpressure generation rate is double the mean-stress-

induced one (Figure 10d). This is because the shear-stress ratio, # increases rapidly in the transition zone (e.g.,

Figures 8b and 9b). Inside the wedge, mean-stress- and shear-induced overpressures increase at comparable rates

(b—c; Figures 10c and 10d). In this zone, the shear-stress ratio, 7, remains constant.

Ongoing pressure dissipation (black line; Figure 10c) significantly lowers the net overpressure (blue line,

Figure 10c). Dissipation is highest across the transition in stress regimes near the trench, where focused rapid
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Figure 10. Overpressure components for a sediment volume just above the
décollement. (a) Simulated fluid flux across the seafloor. (b) Path of sediment
volume with contours of shear stress to shear strength ratio (¢/q,); Stress path
in Figure 9b. (c) Components of overpressure (Equation 18 and Appendix D):
mean-stress-induced pressure (47, green line) plus shear-induced pressure (u,
red line) minus dissipated pressure (u¢**, black line) result in net overpressure
(u,, blue line). (d) Average shear-induced (du?/dt; Equation 18; red line) and
mean-stress induced (du"/dt; Equation 18; green line) overpressure generation
rates within the transition zone (dashed lines) and in the critical wedge (solid

lines).

dewatering is generated (Figure 10a). However, the dissipation does not keep
pace with the loading, and thus there is a progressive increase in overpressure
as the volume passes into the subduction zone (blue line, Figure 10c).

4.5. Impact of Mudrock Permeability and Convergence Rate

We vary the mudrock permeability to study its impact on pressure and stress
in the wedge (Figures 11 and 12). We consider upper and lower bounds
(Figure 6b; Table 1) that envelop the range of values reported for mudrocks
entering subduction zones (Appendix C, Figure C4). We also consider
end-members of drained and undrained conditions (Table 1).

We evaluate overpressure profiles where the hanging wall thickness is
4 km (vertical profiles “A” marked in Figure 11). The hanging-wall over-
pressure ratio (4*) increases as permeability decreases (Figures 11a—11d).
Under undrained conditions, the overpressure ratio in the wedge is very high
(4*=0.9, Figure 11d). 2* equals 0.7 in the low permeability case (Figure 11c)
and less than 0.25 in the high permeability case (Figure 11a). At the décol-
lement, overpressure ranges from 26 to 12 MPa (low to high permeability,
Figure 11e), and A* from 0.54 to 0.23 respectively (Figure 11f).

The surface slope of the wedge varies with sediment permeability. This is
because permeability impacts pore pressure and thus wedge and décollement
strength (e.g., D. Davis et al., 1983; Saffer & Bekins, 2006): the average
wedge slope is 4.9, 4.0, 3.8, and 4.1°, for the undrained, low, medium, and
high permeability case, respectively (Table 1). Higher overpressures result-
ing from low sediment permeability weaken the wedge more so than the
décollement, leading to the counterintuitive result that the wedge is steeper
in the undrained and low permeability cases than in the medium case. The
surface slope increases again with further increase in permeability, because
more effective drainage leads to a strengthened wedge relative to the base
(e.g., D. Davis et al., 1983).

Permeability also affects the magnitude of deviatoric stresses in the accretion-
ary wedge because sediments in the wedge are at Coulomb failure (circles,
Figure 12e) and the shear-stress ratio (Equations 8 and 9) is constant. The
greater wedge overpressure in models with lower permeability (Figure 11)
leads to lower mean effective stress, and therefore the wedge sediments can
support a smaller maximum deviatoric stress (e.g., Figure 2). As a result,
deviatoric stresses in the undrained model are the lowest (gray circles) and
increase as permeability is increased (blue to red to green circles, Figure 12e).
The lower deviatoric stress in the wedge for poorly drained (low permeabil-
ity) models results in a weaker décollement and less shear being transmitted
to the footwall. Hence, footwall stresses in the undrained model are similar

to a uniaxial state (gray triangles, Figure 12¢), and the footwall deviatoric stresses are higher for models with

higher permeability (blue to red to green triangles). The lower mean effective and deviatoric stresses associated

with lower permeability result in less porosity loss in both hanging-wall and footwall sediments (Figure 12f). The

porosity offset at the décollement also decreases with decreasing permeability.

We explore the influence of convergence rate on pressure and stress with three models having convergence
rates of 1 mm/year (slow), 5 mm/year (medium), and 10 mm/year (high) (Table 1, Models 5, 2, and 6). The
medium-convergence-rate case is the rate used in models discussed so far. Increasing the tectonic loading rate

leads to higher pore pressures, as overpressure is generated significantly faster than dissipated. As a result, an

increase in convergence rate has similar effects on overpressure, mean effective stress, strength, and porosity as

a decrease in permeability (Appendix E).
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Figure 11. Impact of permeability on overpressure (Table 1, Models 1-4). (a—d) Overpressure ratio A* (Equation 24) for
high-, medium-, low-permeability, and undrained case. (e and f) Comparison of overpressure and overpressure ratio for

high (green), medium (red), low permeability (blue), and undrained models (dashed-gray), along vertical profiles A at 4 km
hanging-wall thickness marked in (a—d). The undrained model calculates pressure as a function of volumetric strain only and
does not simulate transient flow, leading to the observed décollement discontinuity.

5. Discussion

Figure 13 summarizes the key processes we envision as a sediment packet approaches and is incorporated into
a subduction zone. Mean and shear stress in the hanging wall increase rapidly in a transition zone spanning
from ~10 km seaward of the trench to ~10 km landward. This drives the rapid development of overpressure
(Figure 13b), which outpaces the increase in overburden from burial. The high pore pressures reduce the vertical
effective stress in the hanging wall and result in a broad zone of significantly reduced shear strength along the
plate interface (Figure 13c) that initiates outboard of the trench and persists for tens of km into the subduction
zone. The rapid loading across the transition zone and outermost wedge combined with partial drainage leads to
focused dewatering (Figure 13a), which enables compaction of the hanging wall sediments. The distinct stress
states above and below the décollement yield a porosity offset at the décollement, despite the fact that pore
pressures in the hanging wall exceed those in the footwall. Landward, within the wedge, the sediments are at
Coulomb failure and overpressures parallel the topographic slope. Footwall sediments are rapidly subducting
beneath the hanging wall. These sediments ultimately have higher pressure than the overlying hanging wall sedi-
ments (Figure 13b). We explore these insights below.

5.1. Overpressure Generation and Its Spatial Distribution

Lateral tectonic loading increases mean and deviatoric stresses as sediment is incorporated into the accretionary
wedge (Figures 8a, 8b, and 8f). This evolving stress state drives overpressures (Figures 10c and 13b) that may
increase more rapidly than the overburden.
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Figure 12. Impact of permeability on compaction and stress. (a—d) Porosity distribution for high-, medium-,
low-permeability, and undrained case. (e) Mean effective stress and deviatoric stress along vertical profiles A marked in
(a—d). Circles represent stress states in the hanging wall and triangles in footwall. (f) Porosity-depth curves for high (green),
medium (red), low permeability (blue), and undrained model (dashed gray line). Drained profile from Gao et al. (2018) is
shown for comparison (dashed-black line). Increase in sediment thickness in the undrained wedge leads to porosity increase.

The lateral loading extends several km seaward of the trench driving overpressures outboard of the trench
(Figures 8, 10c, and 13b). The increase in pore pressure decreases the mean effective stress and hence the strength
of the sediments even prior to subduction (Figure 9b). In our models, sediments seaward of the trench are not at
failure. However, the increase in lateral loading together with the decrease in sediment strength could provide a
mechanistic explanation for the presence of protothrust zones, which are often attributed to elevated pore pres-
sures (e.g., Barnes et al., 2018; C. Y. Wang et al., 1994) and potentially for décollement initiation or propagation.

In the transition zone, both mean and shear stress generate overpressure and the shear-induced overpressure is
twice that generated by mean stress (Figures 10c, 10d, and 13b). The rapid increase in deviatoric stress relative to
mean effective stress (shear stress ratio, 7; Equation 8) in this zone results in the significant shear-induced pres-
sures, an effect not predicted in models that consider only mean-stress-induced pressure generation.

The wedge itself is at Coulomb failure (Figure 8b); in this zone the overpressure increase is proportional to the
vertical stress change (overburden stress, Equation 23). Consequently, the overpressure contours parallel the
topographic surface (Figure 8c) and pore pressure can be estimated from overburden as long as the significant,
non-vertical stress components are incorporated (Equation 23, Section 2.3.2).

In the footwall, the stress state remains approximately uniaxial (Figure 8f)—especially for low sediment perme-
ability and high convergence rates (Figures 12 and E2). This is because high overpressures limit the effective
stresses above the décollement, minimizing the shear stresses transmitted across the décollement (e.g., Figure 8b).
A near-uniaxial stress state at the footwall is consistent with observations of footwall strain (Henry et al., 2003;
Housen et al., 1996) and stress states (e.g., Byrne & Fisher, 1990; Drews & Duschl, 2022) interpreted to reflect

NIKOLINAKOU ET AL.

18 of 38

9SULOITT SUOWIWOY) dANEAI)) d[qedi|dde oYy £q pauIoA0S aie 991 YO (ash JO Sa[nI 10J AIeIqIT SuI[uQ AJ[IA\ UO (SUOIIPUOI-PUEB-SULIA)/ W00 AJ[1M AIeIqI[aul[uo//:sd)iy) SUonIpuoy) pue s [, a4} 39S "[$707/90/01] uo Areiqr autjuQ L[IM ‘b0SSTOLLT0T/6201°01/10p/wod Kapim Krelqiaurjuo sqndnSe//:sdiyy woiy papeojumo( ‘9 ‘€207 ‘95€66917



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB025504

Table 1
List of Sensitivity-Analyses Models With Summary of Key Results

Model No. #0 #1 #2 #3 #4 #5 #6

Permeability Drained High Medium Low Undrained Medium

Convergence rate (mm/year) n/a 5 10 1
A* at décollement 0 0.22 0.43 0.53 0.83 047  0.29
Porosity offset at décollement (%) 6 4 3 1 -3 2 4
Surface slope 5 4.1 3.8 4 4.9 3.7 4.1
o, dip hanging wall 7.4 7.4 8 6.3 17.1 8.5 7.8
o) /o), hanging wall 24 24 2.5 2.7 2.3 2.5 2.4
o, /o) hanging wall 2.5 2.5 2.6 2.8 2.9 2.6 2.5
q/o,, hanging wall 0.85 0.84 0.86 0.91 0.96 0.86  0.83
o} dip footwall 62 58 55 58 66.2 545 552
o'/ o), footwall 0.76 0.83 0.9 0.91 0.87 0.89  0.87
o,/ o} footwall 1.6 1.6 1.4 1.4 1.3 1.6 1.5
q/ o), footwall 0.48 0.46 0.35 0.33 0.31 036 042

Note. A*, stress ratios and stress orientations are estimated using the average value along sediment profile A (Figures 11, 12, E1,
and E2) for both hanging wall and footwall. Drained model results from Gao et al. (2018).

a uniaxial (vertical compression) path well into the subduction zone. It suggests that to first order, approaches
that consider only burial below the décollement are appropriate (e.g., Skarbek & Saffer, 2009). Because of this
near-uniaxial stress state, both mean and shear-induced overpressures are much lower in the footwall compared
to hanging-wall (Figure 8c).

In our model, higher overpressures in the hanging wall relative to the footwall persist for several km across the
transition zone and into the wedge. Farther into the interior of the wedge, pore pressure beneath the décollement
exceeds that of the hanging wall. This is because footwall sediments are transported more rapidly than overlying
wedge sediments (relative to a fixed position at the wedge front), which are subjected to thickening and lateral
compression (Bekins & Dreiss, 1992; Bray & Karig, 1985). As a result, footwall sediments are subjected to more
rapid vertical loading than hanging wall sediments at any particular location. This increased vertical loading, in
combination with a greater drainage distance for fluid escape from the footwall, eventually overtakes the effect of
mean-stress- and shear-induced overpressures (Figure 13b). The distance into the wedge where the hanging and
footwall pressures become equal at the décollement is located at ~25-30 km from the trench in the base model
(Figure 8c) and depends on the lateral deformation rate and material properties (Figures 11 and E1).

There are also footwall overpressures ahead of the trench, where the seafloor is flat (Figure 8c); these footwall
overpressures increase faster than the overburden load below the trench area (Figure 8d), leading to a local
decrease in mean effective stress (Figure 9b). A source of these overpressures is downward fluid flow that occurs
across the décollement because hanging-wall overpressures are greater than footwall overpressures.

5.2. Pore Pressure, Effective Stress, and Shear Strength Along the Décollement

The vertical effective stress at the décollement decreases by approximately 30% (2 MPa) over a broad region that
extends from a few km in advance of the trench, across the transition zone, and persists well into the subduction
zone (Figures 13b and 14b left axis). This decrease in effective stress is caused by the rapid overpressure increase
in the transition zone. Shear strength (7) along the décollement is proportional to the vertical effective stress.
Thus, the decrease in effective stress at the trench corresponds to a broad and weakened region where shear
strength along the plate interface is far lower than that expected for drained conditions. The width and magni-
tude of this weak zone increase with decreased permeability (Figure 14c) and with increased convergence rate
(Appendix E).
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Figure 13. Schematic highlighting key insights on pore pressure and
décollement strength. (a) Subduction path: red and blue arrows (maximum and
minimum in-plane principal stress respectively) illustrate stress rotation from
vertical burial to lateral compression along subduction path. (b) Individual
contribution of overpressure components to net overpressure (blue line) along
the décollement: mean-stress-induced pressures (green) plus shear-induced
pressures (red) minus dissipated pressures (black) provide the net pressure
(blue). Mean stress consistently drives overpressure in the accreting sediments
(green); the role of shear stress is pronounced in the transition zone (red);
dissipation prevails throughout the wedge and increases in the transition zone
(black line in (b) and blue arrows in (a)). Footwall pressure (dashed blue line)
becomes higher than hanging-wall pressure (solid blue line) landward. (c)
Effective-stress decrease along the décollement in the trench area results in a
weak plate interface (purple in (a)).

The reduced effective normal stress in the transition zone, together with
increasing sediment stiffness due to progressive compaction, may drive stable
and/or slow slip in this region (e.g., Kodaira et al., 2004; Liu & Rice, 2007;
Moore & Saffer, 2001; Scholz, 1998). Slip instability is commonly
described by the force balance for a simplified 1-D spring-slider model (e.g.,
Scholz, 2012): stable slip can occur if:

K > K.. (26)

K is the stiffness of the loading system, which is described by the sediment
elastic moduli (determined in our model by the evolving porosity). K. is the
rheological stiffness of the fault, described by:

, 27)

where (b — a) describes the velocity dependence of friction, D, the slip
distance over which slip weakening occurs, and o), is the effective normal
stress.

Our results indicate that in the outer several tens of km of the subduction zone,
effective stresses remain low (Figure 14). In addition, compaction (Figure 8)
increases the sediment elastic moduli (and hence K) in the hanging wall.
These two effects—low ¢}, and increasing K—promote stable slip in the tran-
sition zone, and potentially for several tens of km landward. This is consist-
ent with the increasingly common observation of slow earthquakes on the
shallow parts of the plate interface (e.g., slow slip events [Araki et al., 2017;
Sugioka et al., 2012; Wallace et al., 2017], low-frequency earthquakes [Ito
& Obara, 2006], and low-frequency tremors [Obana & Kodaira, 2009]).
Although it suppresses nucleation of unstable slip locally, the extension of
the weak interface for tens of km into the subduction zone may at the same
time facilitate large coseismic ruptures initiating at greater depth that propa-
gate to the trench (Kodaira et al., 2012; Kozdon & Dunham, 2013; Wallace
etal.,, 2017; C. Y. Wang et al., 1994).

5.3. Consolidation and Dewatering

The hanging wall sediments are more compacted than the footwall sediments
in the transition zone even though the hanging wall has greater overpressure
(Figures 8e and 8g). The increase in mean and deviatoric stress combines
with fluid expulsion to drive this porosity decrease. This provides a hydro-
mechanical explanation for the abrupt porosity decrease observed across the
décollement (e.g., Bangs et al., 1990; Costa Pisani et al., 2005; Flemings &
Saffer, 2018; Park et al., 2010; Saffer & Tobin, 2011; E. Screaton et al., 2002).
Tectonic loading also leads to porosity loss seaward of the trench (Figure 8e),
which is consistent with observations of gradually increasing P-wave velocity
and electrical resistivity across the protothrust zone offshore S. Hikurangi
(Chesley, 2022).

Fluid expulsion is focused around the trench (Figure 10a). This is consistent
with: (a) the prevalence of fluid expulsion features across and near the trench

at several subduction zones, including seeps (e.g., Suess et al., 1998) or elevated surface heat-flow (E. E. Davis
et al., 1990; Yamano et al., 1992); and (b) with porosity and seismic velocity data suggesting that compaction
is most pronounced in this zone (Karig, 1990; C. Y. Wang et al., 1994; Yuan et al., 1994). It is also consistent
with early (non-coupled) models of dewatering rates in accretionary prisms (Bekins & Dreiss, 1992) which have

shown that the amount of fluid expelled increases when tectonic porosity loss is (empirically) included.
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= Critical state LTrans. ) Initial 5.4. Broader Insights
%/ 150 Our evolutionary geomechanical model simulates large scale deformation of
@ an accretionary wedge with a soil model that considers the effect of both
g 100 mean and deviatoric stress. Very few studies have incorporated critical-state
@ models to couple deformation and porous-fluid flow in accretionary wedges
g 50 (Obradors-Prats et al., 2017; Rowe et al., 2012). Our work contributes the
§ 0 modeling of large-scale deformation and, more importantly, the quantifica-
a = tion of mean-stress- and shear-induced overpressures in a continuing effort
© 40 % to understand stress, pore pressure, and deformation in the shallow parts of
= = subduction zones.
5 =
% \2./30 g We show that the pore pressure response is proportional to changes in mean
‘_S g ﬁ stress in tectonic environments characterized by a constant shear-stress ratio
= ﬁ 5 (e.g., Coulomb failure or uniaxial). This illuminates why models that describe
§ 20 2 deformation and fluid flow in subduction zones as a function of only mean
100 20 » stress are successful within accretionary wedges (e.g., Henry & Wang, 1991;
Neuzil, 1995; Stauffer & Bekins, 2001).
80 | 16 ;_‘“\ We also show that shear-induced overpressures are not proportional to
= changes in mean stress in systems where the shear-stress ratio changes. An

[e2]
o

D
o

N
o

N
N

[0}
Shear strength (

example such system is the transition zone in an accretionary wedge. In these
environments, shear-induced pressures can be several times higher than the
mean-stress-induced pressures. Hence, it is important to capture the full
pore-pressure response including the deviatoric term in Equation 18.

=

Our quantification of mean-stress- and shear-induced overpressures could

Vertical effective stress (MPa)

60 40

Distance from trench (km)

Figure 14. Pressure, effective stress, and strength at the décollement. (a)

20

help improve pore-pressure estimates from field data. Such workflows are
based on experimental measurements on recovered cores (e.g., French &
Morgan, 2020; Karig, 1993; E. Screaton et al., 2002; Zhang et al., 2021), seis-
mic velocity measurements (e.g., Calahorrano et al., 2008; Park et al., 2010;

Hydrostatic pressure (gray dashed line), pore pressure (blue line), and Tobin & Saffer, 2009; Tsuji et al., 2008), or acoustic log data (e.g., Kitajima
overburden stress (black line), referenced to the seafloor. The overpressure etal., 2017) and often introduce simplified assumptions (e.g., uniaxial strain).
ratio A* (Equation 24; green line & right axis) is also shown. (b) Distribution

of vertical effective stress (¢]) and shear strength (z = p,(6, — u) = upo,).

(c) Impact of mudrock permeability on the vertical effective stress and shear

strength along décollement. The dashed horizontal lines in panels (b and c)
mark the effective stress and shear strength value at the uniaxial, seaward
far-field. Circles in (c) mark the location landward where shear strength

returns to its uniaxial value.

5.5. Model Limitations and Enhancements

Our model does not incorporate strain softening and the decrease in fric-
tional strength typically associated with progressive displacement along
shear zones (i.e., from the development of shear fabric). Nor do we model
the formation or propagation of discrete faults. Yet, accretionary wedges are
pervasively faulted, and we expect that strain localization on individual faults
will locally alter the distribution of both stress and permeability and may impact the surface topography and the
process of accretion. Such faults would also potentially change patterns of porous fluid flow and sediment over-
pressure by facilitating drainage, although in fine-grained mudrocks the low matrix permeability would still serve
as the primary control on drainage state (Saffer, 2015). We model the décollement as a discrete contact surface,
and do not simulate fluid flow along the décollement. The presence of a permeable décollement would allow for
significant pressure dissipation as has been proposed by others (Party, 1987; E. Screaton et al., 2000). We also
assume a high vertical permeability across the décollement and do not consider local or temporal variations of
this permeability. Such changes in the décollement flow properties will alter the overpressure distribution in both
hanging wall and footwall in the near-field of the fault.

Future model enhancements could consider spatial heterogeneity of material properties (e.g., different litholo-
gies, layering), cementation, thermal processes (e.g., thermally enhanced compaction), or dehydration reactions.
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6. Summary
It is commonly understood that seaward of the accretionary wedge, sediments are deposited under uniaxial strain
whereas inside the wedge sediments are at Coulomb failure. We simulate both analytically and with a large-strain
numerical model the evolution in stress, pore pressure, and porosity as the stress state transitions from uniaxial
to Coulomb failure.
Lateral tectonic loading increases the mean and deviatoric stress ahead of and across the trench area. Both stress
changes contribute to a rapid increase in overpressure in this transition zone. In turn, high overpressures result
in a weakened décollement that onsets ahead of the trench and persists tens of km into the subduction zone. Our
results provide mechanisms for explaining stable sliding at the trench and the presence of protothrust zones.
Our approach incorporates the effect of both deviatoric and mean-stress changes on compaction and overpressure
generation. We show that shear-induced compaction should be explicitly included in tectonic environments that
undergo a dramatic change in stress state, such as at the trench of subduction zones or near salt bodies in sedimen-
tary basins. The shear-induced compaction changes the sediment properties and drives significant overpressures.
In contrast, we find that in areas where the ratio between deviatoric and mean-effective stress is not changing,
such as within accretionary wedges, established approaches that depend on the mean stress perform adequately.
Appendix A: Nomenclature
Symbol Description Dimensions
(i Coefficient of consolidation MOL?T-!
e Void ratio -
g Gravity acceleration MOLT?
Intrinsic permeability L?
L Continuum mechanics differential operator MOL-!T?
my Mudrock compressibility M-'LT?
n Porosity -
q Deviatoric stress ML-!T-2
ar Shear strength ML-!'T-2
as1 Volume flux of fluid relative to solid matrix MOLT-!
S Storage coefficient M-ILT?
t Time T!
u Pore pressure ML-!T-2
U, Overpressure ML-!T-2
up Hydrostatic pressure ML-'T2
um Mean-stress-induced pressure ML-IT-2
ur Mean-stress-induced overpressure ML-IT-2
uf Shear-induced pressure ML-!T—2
ul Shear-induced overpressure ML-IT-2
S Dissipated overpressure ML-!T—2
v Fluid volume flux per unit area MOLT-!
a Critical taper angle
By Solid-grain compressibility relating to stress M-ILT?
Bs Solid-grain compressibility relating to pressure M-ILT?
Br Fluid compressibility M-ILT?
Ae Incremental total-strain tensor -
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Symbol Description Dimensions
Ae, Incremental elastic-strain tensor -
Ag, Incremental plastic-strain tensor -
£, Volumetric strain -
n Shear stress ratio -
A* Overpressure ratio ML-I'T-2
u Fluid viscosity ML-I'T-!
Up Basal friction coefficient =
U Sediment internal friction coefficient -
En Mean stress loading efficiency M-ILT?
&, Shear stress loading efficiency M-'LT?
b Saturated bulk density ML-3T?
pr Fluid density ML-3T?
Ds Grain density ML-3T?
c Total stress tensor ML-IT-2
i Maximum principal stress ML-IT-2
0> Intermediate principal stress ML-!T-2
03 Minimum principal stress ML-I'T-2
¢ Effective stress tensor ML-IT-2
o Maximum principal effective stress ML-I'T-2
o} Intermediate principal effective stress ML-I'T-2
o; Minimum principal effective stress ML-!T-2
o Horizontal total stress ML-'T2
o, Horizontal effective stress ML-IT-2
Om Mean total stress ML-IT-2
o), Mean effective stress ML-IT—?
oy Vertical total stress ML-IT-2
o, Vertical effective stress ML-IT-2
o Compressive intercept (SR3) ML-I'T-2
o Tensile intercept (SR3) ML-I'T-2
T Shear strength ML-IT-2
A Sediment internal friction angle -
Appendix B: Mean and Shear Components of Overpressure, and Formulation of
Pore-Pressure Coefficients Using Modified Cam Clay.
In the MCC model, a volumetric strain increment, de,, consists of an elastic (d&®) and a plastic component (d&?):
de, = de + deb) (B1)
The volumetric components are calculated as a function of the current state (stress and void ratio) and the loading
increment. The elastic volumetric strain increment is:
det = & doy (B2)
l+e o),
where « is the elastic unloading modulus, do), is the mean effective stress increment, and e the void ratio; the
elastoplastic volumetric strain increment is:
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A—K 20/ do! — 2q
de’ = 2 -1) )+ (5 ) (3 )da
Eo l+e<< ol ) o, >+ 1+e/\ M%6)0, 1 (B3)
where 1 is the elastoplastic loading modulus, dg the deviatoric stress increment, M the slope of the critical state
line, which is a function of the sediment internal friction angle:
_ 6sin®; (B4)
T 3—sin®!’
and o}, the equivalent effective stress, obtained from the description of iso-porosity curves:
’ ) 1-x/2
Om _ ( _M > (B5)
ol M? +n?
wheren = i, is the shear — stress ratio. (B6)
Assuming that k < 4, the total volumetric strain rate is:
, - M? —y? do) - 2 d
dey _ (,1 K‘) T\, _K L, a,,,+(/1 K') Ul 449 ®7)
dt l+e/\ M?*+n? l1+e)\o, /) dt L+e/\o/(M*+42)/ dt
and, using the effective stress principle (¢, = o}, + u):
e (505 el )
dt 1+e/\ M?+n? l+el\on—u dt
) ()
1+e M2+ n? l+el\om—u dt
A— 2 d
+( K ) ( n . > . _l] (B8)
L+e/\(on—w)(M* +n?)/ dt
Equation B8 provides the loading efficiencies: mean-stress loading efficiency, £, (Equation 11):
=) )+ el (25)
m = + , B
£ [<1+e><M2+n2 l+el\on—u (BY)
and shear-stress loading efficiency, &, (Equation 12):
-k 2n ) ( 1 )
= B10
S (1+e)(M2+112 Om—U ( )
The conservation of fluid mass in a deforming porous medium is (Palciauskas & Domenico, 1989):
lE+(1"’)D”S+<l)—l)”f+iv-( )=0 ®11)
vV Di 0 ) Dt T \p;) Dr T AT
where the coordinate system is fixed on the sediment grains. n is porosity ( n= ﬁ ) t the time, p, the density of
grains, Py the density of fluids, g;, the volume flux of the fluid relative to the solid matrix, and V is the volume of
an infinitesimal element of porous material with constant sediment mass.
The fluid mass flux, can be expressed using Darcy's law:
prk
V-(prgn) =-V- Tv'ue s (B12)
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where y is the viscosity of water, k the intrinsic permeability, and u, the overpressure. The overpressure is the
difference between pore fluid pressure, u and hydrostatic pore pressure u,:
Ue = U — Up. (B13)
Changes in fluid density are related to changes in fluid pressure (Palciauskas & Domenico, 1989):
1
—dps = Prdu, (B14)
Pr
where f, is the isothermal fluid compressibility. Changes in solid density depend in a complex way on the mean
stress and fluid pressure. Small changes in solid density can be linearly approximated as:
1-—n
dp: = ﬁsdo—m _nﬂs’ds (BIS)
where 3, By are solid-grain compressibilities (Palciauskas & Domenico, 1989).
Assuming that solid grains are incompressible, Equation B11, combined with Equations B12, B14, and B15,
becomes:
De, e )) Du 1 ( prk )
= __v. (2 y. .
Dt (ﬁf<1 +e Dt ps u e (B16)
Substitution of Equation 10 into Equation B16 then yields:
e Du DO',,, 1 prk
((75) +on) 2 =g om0 20y Ly (2hy ), (B17)
+e pr H
With § = ﬁf% + &, (storage coefficient) : (B18)
e
n k
Du_énDon  SDa 1 g (orkg )
Dt S Dt S Dr Spr u (B19)
—— —— -—
Du™ /Dt Dud /Dt Duds
Finally, using MCC, the storage coefficient, S (Equation 19) is expressed as:
s L D
f1+e " f1+e 1+e M? +n? l+el|l\on—u
B1. Constant Stress Ratio
When the shear-stress ratio, # = 7, remains constant (loading along a path with slope # in the ¢, — ¢ space
[Figure 2]), overpressure change can be expressed as a function of mean stress change.
The deviatoric stress can be expressed as a function of the mean effective stress:
q = nkoy = Nk (om — u). (B21)
Equation 16 can be re-written as:
k
_gm +§q +LV (pLV Me>=>
pr u
Du Do, D(on—u) | 1 ( prk )
S— =¢&n + —+ =V | —V.u | =
Di =D TS Ty or PR
Do, | 1 k
(S+'7K§q = (&n + nx&y) L +—=V- (Pf V. ue) (B22)
Dt pr "
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Using 5 = 1, in Equations B9-B20 and substituting in Equation B22:
e A 1 Du A 1 \Do, 1 prk )
+ — = _— +—V-|—V-u), B2
(ﬂf1+e (1+e>(o-m—u>>Dt <1+e)(am—u) Dt pr (u “ (B23)
or
Du ¢k Doy, 1 ( prk )
=5k + V-[=V-u), B24
Di ~ Sk Dt Sor u ®24)
where &, is the load efficiency coefficient for compression with a constant stress ratio:
5
= , B25
£ < l1+e Om — U ( )
and S the storage coefficient for compression with a constant stress ratio:
e
Sk =pr—+
k =Pr T+o éx (B26)
Equation B24 can be expressed as a function of vertical stress changes under certain stress conditions:
1. Under triaxial conditions, K = 6—‘,‘, and do), = ”32’( do). Equation B24 then becomes:
S &—5 _Do-,’,,+§ &.,.iv.(ﬂv.u) —
D~ Di "Dt T u ¢
e \Du 142K Do, 1 ( prk )
— = +—V.-[—V-u )=
(ﬁf1+e>Dt £ 3 Dt Ix; u “
e Du Do, 1 ( prk )
—+é& ) ==& +—V.-|—V.u|=
(ﬂf1+e ‘:)Dt “oi o, w
Du & Do, | 1 ( prk )
— == + V-[—V-u ), B27
D~ S, dt " Seos PR ®27)
with Sy = f = + &, and & = & ‘+j"
2. For plane-strain conditions, we assume that the vertical stress remains principal, and estimate the intermediate
principal stress from (Roscoe & Burland, 1968):
9n* + (2n —3)M? + 18y
ro_ ! ’ /
o =0+ (o] -01) 4n(M? +9) (B28)
With A = 2HCIIMAS 4 67 — 51 ), = ZHKA 67 g
- 4n( M2+9) 3 v = Em v
Du _ & Do, | 1 (Pfk >
_— == + —V.| —V- s
Di S, dt | Seps w (®29)
. _ e _ 24+(1+A)K-A
with S, = g = + &, and &, = &k —_—
B2. Variation of Pore-Pressure Coefficient £,/S, in Accretionary Wedges
We show that for typical sediments in accretionary wedges, the pore-pressure coefficient £,/S, is practically
independent of the initial stress state and generated overpressures are practically equal to the total mean stress
change (Equation B24).
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In general, overpressure generation depends on the initial stress state (¢,,, e; Equations B24 and B26). For a
given void ratio (stress states lying on the same iso-porosity; e.g., Figure 2), the mean effective stress decreases as
the shear-stress ratio increases toward critical state. This decrease in the mean effective stress increases both the
loading efficiency and the storage coefficients (Equations B25 and B26). Hence, initial (pre-loading) stress states
with higher shear-stress ratios (e.g., close to critical state) are expected to generate more overpressure.

To explore the contribution of the initial stress state to generated overpressure for typical sediments in accre-
tionary wedges, we consider 8 different compaction states corresponding to burial depths varying from 1 to
6 km (Table B1). We assume a friction angle of ¢’ = 25°, f;= 5 x 10~* MPa~!, k = 0.01, 1 = 0.1. We range the
stress ratio, 7, from O (isotropic compaction) to 0.98 (critical state) along the iso-porosity line corresponding
to each state (constant void ratio, e; Figure Bla), and calculate the mean effective stress (Equation B5). Using
Equations B25 and B26, we calculate the pore-pressure coefficient &,/S, (Figure B1b). The coefficient increases
with increasing shear-stress ratio and, for a given porosity, it has its maximum value at critical state. Variation in
the £,/S values for a given porosity increases as porosity decreases (deeper sediments). However, all values are
above 90%, illustrating that generated overpressures are practically equal to the total mean stress change (Equa-
tion B24), and that the dependence on the initial stress state (¢’,,, ) is minimal.

Table B1
Initial Compaction States Defining Eight Iso-Porosity Lines

Isotropic compression stress ¢’ = ¢’, (MPa) Void ratio, e Porosity, n Uniaxial burial depth (km)

10 0.41 0.29 0.86
20 0.34 0.25 1.64
30 0.30 0.23 2.38
40 0.27 0.21 3.11
50 0.25 0.20 3.82
60 0.23 0.19 451
70 0.21 0.18 5.20
80 0.2 0.17 5.88
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(a) Iso-porosity lines
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Figure B1. Contribution of initial stress state to generated overpressure for a typical wedge. (a) Iso-porosity lines
corresponding to eight initial compaction states (Table B1); (b) Variation of pore pressure coefficient, i—’(, with increasing
shear-stress ratio along iso-porosity lines shown in (a). *
Appendix C: Finite Element Solver and Input Parameters
C1. Finite Element Solver
We build our transient evolutionary geomechanical models in Elfen (Rockfield, 2017). Elfen is based on a
finite-strain, quasistatic, finite-element formulation (Peri¢ & Crook, 2004; Thornton et al., 2011).
The transient analyses couple deformation with stress and pore pressure by satisfying equilibrium of stresses:
L'c+pg=0 (CD)
c=0c+ul (&)
flow of porous fluid flow:
. [k ou 1 on
le(—(Vu—pfg)) =+ Bl —n)— - ——— (€3)
u o 1—not
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and constitutive laws of sediments, as described by the SR3 model (Crook, Owen, et al., 2006). A single phase
of pore water is considered in the model. The code solves the mechanical equations (C1, C2, and constitu-
tive equations) separately using a large-deformation, quasi-static, Lagrangian, explicit algorithm (Crook, Owen,
et al., 2006), and the pore-fluid-flow equation (C3) using an implicit algorithm over an increment of time. Fluid
flow in the seepage field is relative to the deformation of the mesh in the mechanical field. Pore pressure calcu-
lated in the seepage field is then transferred to the mechanical field using the volumetric strain at user-specified
time intervals, which ensure that the difference between seepage and mechanical pore pressure remains minimal.
At the end of each coupling interval, the simulation outputs pore pressure and the effective stress tensor. The total
stress tensor can then be calculated using Equation C2.
C2. SR3 Input Material Properties
Table C1
SR3 Material Model Input Parameters (Crook, Owen, et al., 2006; Rockfield, 2017)
Symbol Parameter name Value
A Material constant -0.28
B Material constant -0.28
c Material constant -2
B Reference Young's modulus 40 MPa
o9 Initial tensile intercept (Figure C2) —0.085 MPa
o0 Init. compressive intercept (Figure C2) 1 MPa
ey Material constant 1.3
n, Material constant 0.3
p Friction parameter 60°
Poisson's ratio 0.25
Py Grain density 2.7 g/em?
P Water density 1 g/lcm?
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Figure C1. (Equivalent to Figure 2 for the SR3 formulation): (a) Iso-porosity lines and uniaxial compaction path in o), — ¢
space. (b) Compaction curves under uniaxial burial (black) and critical state (red) conditions, in o), — n space.
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Figure C2. SR3 stress-strain-strength behavior in o), — ¢ — n space (Rockfield, 2017).
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Figure C3. Hardening input for SR3 defined as a relationship between volumetric strain (¢7), compression intercept, ¢,
(solid red line), and tensile intercept, o}, (dashed blue line). 67, and o7, are the two intercepts of the yield surface with the
isotropic axis and control how the SR3 yield surface grows with applied deformation (specifically volumetric plastic strain).
Negative volumetric strains and a small tensile strength are included for numerical stability (Rockfield, 2017).
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Figure C4. Published permeability-porosity field and experimental data and models for Nankai (green shades), Costa
Rica (red), Barbados (purple), and Peru (blue) (Bekins et al., 1995; Gamage et al., 2011; Gamage & Screaton, 2006; Reece
et al., 2013; Saffer & Bekins, 1998; Saffer et al., 2000; Saffer & McKiernan, 2005; E. J. Screaton & Saffer, 2003; Skarbek &
Saffer, 2009; Spinelli et al., 2004).
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Appendix D: Decomposition of Overpressure Components

We parse the individual components of Equation 18 for a loading increment ¢, (Figure D1). The effective
stress path (orange line, Figure D1a) and overpressures u,, u,, at the beginning and end of the increment (blue,
Figure D1a) are shown.

The reduced total stress can be obtained by (green line, Figure D1):
Om — Up = Oy + Ue (D1)
where u,, is the hydrostatic pressure. The overpressure change for the increment is (blue in Figure D1a):
Aue = U1 — Ueo (D2)

If no dissipation of pore pressure were allowed (undrained conditions, Figure D1b), this overpressure change
could be decomposed into a mean-stress-induced (Au”, green in Figure D1b) and a shear-induced pressure change
(Aul, red in Figure D1b). With Skempton's a = 1, the mean-stress-induced component is:

Au;n = ACn = Oml — Omo (D3)

For the hypothetical undrained scenario, the shear-induced overpressure component (Au?) is equal to the change
in mean effective stress along a loading path that achieves the same change in shear stress as the actual path but
does not change the volume (porosity). This path is described mathematically in the constitutive model as an

a) Overpressure change

AUQ” + AU:‘- Auuuhsa‘

(4 Pressure
3¢ .
\© increment
.;\\O(b d
e — U, — @ t,

Deviatoric stress, q

—u - Total stress
t, path (TSP)

Mean effective & reduced total stress, o’ , o, -u,

b) Undrained mean-stress and shear-induced pressure

Shear-induced
o ressure
PP p

S —
R SO‘D‘\
{{\\0 O’OS

/,‘(J"

Mean-stress-induced
pressure

—

TSP

Deviatoric stress, q

[y

t

0

Mean effective & reduced total stress, o’ , o, -u,

Figure D1. Schematic illustration of overpressure components for an increment in effective stress from ¢ to ¢,. (a) Effective
stress path (orange) as well as overpressure at the beginning and end of the increment (u,,, u,,, blue colors). The net
overpressure change, Au,, is calculated as the difference between u,, and u,, (Equation D2). Total stresses are calculated using
Equation D1 (green). (b) Assuming no dissipation (undrained conditions), the mean-stress-induced overpressure (Au™) is
calculated from the total stress path (green), using Equation D3. The shear-induced overpressure (Au?) is calculated from the
undrained loading path that achieves the same change in shear stress as the actual path with no volume change (iso-porosity,
dashed red line).
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iso-porosity curve (dashed red curve, Figure D1b). The form of this iso-porosity curve depends on the constitu-
tive assumptions for sediment behavior. In the Critical State framework, its key attribute is that with increasing
shear, a considerably decreased mean effective stress is correlated to the same porosity. Thus, under undrained
conditions, increasing shear leads to an increase in overpressure (red in Figure D1b):

Aul =0l -0 (D4)

mlu

In practice, a significant amount of overpressure dissipates. With all other components known, pressure dissipa-
tion is calculated as:

Auds = Au™ + Aul — Au, (D5)

In our model results (e.g., Figure 10c) the pressure components of Equation 18 are calculated using Equa-
tions D2-D5 and the SR3 constitutive model. However, the fundamental form of Equation 18 is independent
of the exact choice of soil model, provided that the constitutive formulation describes volumetric change as a
function of both mean and shear stress.

Appendix E: Effect of Convergence Rate

We explore the influence of convergence rate on pressure and stress with three models having convergence rates
of 1 mm/year (slow), 5 mm/year (medium), and 10 mm/year (high) (Table 1, Models 5, 2, and 6).

We compare overpressures along the vertical profiles, “A,” where the thickness of sediment above the décollement
is 4 km (Figures Ela—Elc). Both overpressure and overpressure ratio, A*, increase with increase in convergence
rate (Figures E1d and Ele). At the décollement, the overpressure increases from 15 to 22 MPa (Figure E1d), and
A* from 0.29 to 0.43 (Figure Ele). A higher convergence rate increases the loading rate, such that the generated
pressure significantly outpaces pressure dissipation.

o

Depth (km)
N

[oe]

Depth (km)

-
N

10[--------

decollement

12

1 1 1
0 10 20 30 40
Overpressure, u, (MPa)

Depth (km)

decollement

1 1
0.4 0.6 0.8
Overpressure ratio, A*

60 40 20 0 -20 40 % 02
Distance from trench (km)

Figure E1. Impact of convergence rate on overpressure (Table 1, Models 5, 2, and 6). (a—c) Overpressure ratio (1*) from
slow-, medium-, and fast-convergence case. The medium-convergence case is the same as the base model (Model 2, Table 1).
(d) Comparison of overpressure along vertical profile A in (a—c), located where the hanging-wall thickness is 4 km. (e)
Overpressure ratio (4*) along A profiles in (a—c). Green, red, and blue represent slow, medium, and fast convergence rates,
respectively.
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Increase in the convergence rate leads to decrease in both mean-effective and deviatoric stress in the hanging-wall
(Figure E2d). As a result, porosity loss in the hanging-wall is less than in the slow convergence rate case
(Figures E2a—E2c and E2e). Specifically, porosity offsets resulting from high and low convergence rates are 2
and 4 porosity units, respectively (Table 1, Model 5 vs. Model 6).

o
(o2}
o

d

(a) Slow convergence rate case (1mm/yr.), n n (d)

O Hanging-wall
/\ Footwall

m n
0.15 0.260.36

N
o

Depth (km)

N
(=]

Deviatoric stress, q (MPa)

Mean effective stress, o’ (MPa)

Depth (km)

©

Depth (km)

Depth (km)
© ~
/P
=

decollement

1 I
60 40 20 0 -20 -40 020 025 030 0.35
Distance from trench (km) Porosity, n

Figure E2. Impact of convergence rate on stresses and compaction. (a—c) Porosity distribution for slow-, medium-, and
fast-convergence rate models. (d) Mean effective stress and deviatoric stress along vertical profiles A ., A .., and A,

in (a—c). Circles represent stress states in the hanging wall and triangles in footwall. (e) Porosity-depth curves along same
profiles in (a—c). Green, red and blue colors represent slow, medium, and fast convergence rates, respectively. The gray line in
(e) shows the drained porosity-depth curve.
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