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Key Points:

e We perform the first 3D dynamic rupture simulations of low-angle normal fault
earthquake scenarios constrained by laboratory & field evidence

e Large low-angle normal fault earthquakes are dynamically viable under various stress
conditions including perfectly Andersonian extension

e Shallow slip is limited by the stabilizing effects of shallow fault geometry, velocity-
strengthening gouges, and free-surface interactions
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Abstract

Despite decades-long debate over the mechanics of low-angle normal faults dipping less
than 30°, many questions about their strength, stress, and slip remain unresolved. Recent
geologic and geophysical observations have confirmed that gently-dipping detachment faults can
slip at such shallow dips and host moderate-to-large earthquakes. Here, we analyze the first 3D
dynamic rupture models to assess how different stress and strength conditions affect rupture
characteristics of low-angle normal fault earthquakes. We model observationally constrained
spontaneous rupture under different loading conditions on the active Mai’iu fault in Papua New
Guinea, which dips 16-24° at the surface and accommodates ~8 mm/yr of horizontal extension.
We analyze four distinct fault-local stress scenarios: 1) Andersonian extension, as inferred in the
hanging wall; 2) back-rotated principal stresses inferred paleopiezometrically from the exhumed
footwall; 3) favorably rotated principal stresses well-aligned for low-angle normal-sense slip;
and 4) Andersonian extension derived from depth-variable static fault friction decreasing
towards the surface. Our modeling suggests that subcritically stressed detachment faults can host
moderate earthquakes within purely Andersonian stress fields. Near-surface rupture is impeded
by free-surface stress interactions and dynamic effects of the gently-dipping geometry and
frictionally stable gouges of the shallowest portion of the fault. Although favorably-inclined
principal stresses have been proposed for some detachments, these conditions are not necessary
for seismic slip on these faults. Our results demonstrate how integrated geophysical and geologic
observations can constrain dynamic rupture model parameters to develop realistic rupture
scenarios of active faults that may pose significant seismic and tsunami hazards to nearby

communities.
Plain Language Summary

Movement across faults allow parts of the Earth’s crust to move past each other in
response to forces driven by tectonic plate motions and can occur during large, devastating
earthquakes. The orientation of a fault relative to the direction of the forces and stresses loading
determines how easily it can ‘slip’ in any given direction and whether it will continue to slip or if
new fractures and faults will form instead. Some faults appear to be geometrically misoriented
and thus ‘locked’ relative to their local forces, but nonetheless continue to move on the scale of
mm per year and accommodate crustal motions. Here, we develop data-constrained computer
models to test how different forces at depth affect the movement and associated potential
earthquake magnitude of one of these misoriented faults: the Mai’iu normal fault in Papua New
Guinea. Our results suggest these faults can indeed slip in large earthquakes under tectonic
crustal stress conditions, and that locally favorably rotated stresses would generate even larger
earthquakes. We find that seismic slip does not always reach the Earth’s surface and explore

various physical mechanisms limiting near-surface slip on these faults.
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1 Introduction
1.1 Active Low Angle Normal Faults

Normal-sense slip on shallowly-dipping (<30°) detachment faults has helped
accommodate tens of kilometers of geologically recorded localized extension in a variety of rift
settings (e.g., Collettini et al., 2011). The mechanics of these low-angle normal faults (LANFs)
have been extensively debated because such shallowly dipping normal faults appear to defy
classic fault mechanical theory. Anderson-Byerlee frictional fault reactivation theory predicts
that extension of crustal rocks with Byerlee friction (0.6 < static friction coefficient, pus < 0.85) in
an Andersonian stress field (characterized by one vertical principal stress direction) should form
normal faults dipping 60-75° and that these faults should frictionally lock up and stop slipping if
rotated to dips less than 30° (e.g., Sibson, 1990).

Despite the global abundance of LANFs (Wernicke, 1995; Axen, 2004; Collettini, 2011),
the 2010 My, 7.2 El Mayor-Cucapah earthquake in Mexico was potentially the first
instrumentally recorded My > 7 earthquake to involve coseismic rupture of a LANF (Fletcher et
al., 2014, 2016). Understanding the seismogenic potential of LANFs has been complicated by
the scarcity of active LANFs and the paucity of instrumentally recorded large (Mw > 7) normal-
sense earthquakes with well-resolved shallowly-dipping focal mechanisms (Jackson & White,
1989; Wernicke, 1995; Collettini & Sibson, 2001; Collettini, 2011); however, active LANFs
slipping up to 1 cm/yr are now well-documented (Webber et al., 2018). Moreover, recent
neotectonic (Hayman et al., 2003; Numelin et al., 2007a; Little et al., 2019; Cummins et al.,
2020; Biemiller et al., 2020a), seismological (Abers et al., 1997; Abers, 2001; Fletcher et al.,
2014, 2016), and geodetic (Anderlini et al., 2016; Biemiller et al., 2020b) evidence from both
ancient and active LANFs suggest that these fault systems can host moderate-to-large My, >7
earthquakes. These earthquakes involve coseismic slip on shallowly dipping segments, despite
the abundance of velocity-strengthening gouges in the youngest and shallowest portions of
exhumed LANF cores (Numelin et al., 2007b; Smith & Faulkner, 2010; Niemeijer & Collettini,
2014; Mizera et al., 2020; Biemiller et al., 2020b).

Regardless of their tectonic and mechanical origins, active LANFs may pose significant
seismic hazards to nearby communities due to the possibility of strong ground motion,
landslides, and/or tsunamis associated with large LANF earthquakes (e.g., Cummins et al.,
2020). Further constraints on the physics of LANF earthquakes and the mechanical conditions
promoting shallow coseismic slip are needed to improve estimates of the seismic hazard
potential of these faults. Here, we develop data-constrained 3D numerical dynamic rupture
models of a well-documented active LANF, the Mai’iu normal fault in Papua New Guinea.
Although the Mai’iu fault has not hosted any large earthquakes during the modern instrumental
record, it is one of the best-documented active LANFs in the world that demonstrably dips <30°
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at the surface. The local coral paleoseismologic record suggests it hosts infrequent My, 7.0+
earthquakes. Recent targeted studies provide a wealth of geologic and geophysical observations
illuminating the strength, stress, structure and deformation of the Mai’iu fault (Figures 1 & 2),
providing the necessary ingredients (section 2) for realistic data-constrained dynamic rupture
models that are missing from other proposed seismogenic LANFs like the submarine Moresby
Seamount fault (Abers, 2001) and Banda detachment (Cummins et al., 2020) or the buried LANF
segment inferred to have slipped during the 2010 El Mayor-Cucapah earthquake (Fletcher et al.,
2016). In addition, low-angle slip in modern LANF earthquake candidates remains contested: for
example, geodetic (Gonzalez-Ortega et al., 2014) and dynamic rupture (Kyriakopoulos et al.,
2017) models explain many features of the 2010 El-Mayor Cucapah event with slip on only
steeply-dipping normal faults and no slip on the underlying LANF inferred by Fletcher et al.
(2016). Thus, despite the absence of modern large earthquakes, the well-studied Mai’iu fault is
one of the best candidates for data-constrained dynamic rupture models of LANF ruptures.

We characterize the dynamics and kinematics of LANF earthquake scenarios and
investigate stress and strength conditions that promote or inhibit seismic slip on these faults. In
particular, we examine rupture scenarios arising from geologically and geophysically inferred
loading and fault strength conditions. We find that such constrained 3D simulations generate
surface displacements similar to those recorded paleoseismically. We specifically analyze the
factors controlling whether coseismic slip penetrates the shallow velocity-strengthening region
during large LANF earthquakes.

1.2 Static and dynamic strength and loading of seismogenic LANFs

The 3D states of stress and effective fault strengths allowing seismic or aseismic LANF
activity are difficult to quantify and heavily debated (e.g., Yin, 1989; Spencer & Chase, 1989;
Yin et al, 1992; Axen, 1992, 2004, 2020; Buck, 1993; Wernicke, 1995; Abers et al., 1997,
Collettini & Sibson, 2001; Westaway, 2005; Collettini, 2011). Major outstanding questions
include; Are LANFs actually misoriented for slip, or does fault weakness explain the apparent
mechanical paradox? Can LANFs remain active under Andersonian conditions, or do they
require rotated principal stresses? Do shallow normal fault dips reflect low static frictional
strength, or can LANFs form in strong crust and retain their strength? Are seismogenic LANFs
critically stressed, or can sub-critically stressed segments rupture coseismically?

Dynamic rupture models provide self-consistent earthquake descriptions by
simultaneously simulating the physical processes that govern fault yielding, coseismic slip, and
seismic wave propagation. Data-integrated dynamic earthquake analysis can complement data-
driven approaches including complex and/or poorly instrumented events in various tectonic
contexts (e.g., Olsen et al., 1997; Douilly et al., 2015; Kyriakopoulos et al., 2017; Wollherr et al.,
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2019) to explore the physical conditions and processes behind enigmatic slip behaviors observed
in recent earthquakes (e.g., Ulrich et al., 2019b, 2022, Palgunadi, 2020), as well as to develop
and test realistic rupture scenarios for active faults that lack a modern record of large earthquakes
(e.g., Aochi & Ulrich, 2015; Ramos et al., 2021), which can inform seismic hazard assessment.

In this framework, faults can be stressed well below failure (with a ratio of shear to
normal stress, 1/on, lower than static friction L) almost everywhere along the fault, yet break
spontaneously. Only a small portion of the fault needs to reach failure to nucleate a rupture, and
slip can propagate into regions of velocity- or slip-strengthening frictional behavior (e.g.,
Thomas et al., 2009; Kaneko et al., 2010) depending on the patterns of static and dynamic stress
transfer arising from the initial fault prestress and frictional properties (e.g., Rundle et al., 1984;
Cochard & Madariaga, 1996; Ariyoshi et al., 2009). However, few dynamic rupture models exist
for normal fault earthquakes and these are restricted to planar faults (Oglesby et al., 1998, 2000,
2008; Aochi, 2018; Gallovic et al., 2019; Aochi & Twardzik, 2020; Tinti et al., 2021); to the best
of our knowledge dynamic rupture models have not been used to explore conditions allowing
LANF rupture.

Various mechanisms have been proposed to explain how LANFs remain mechanically
viable (e.g., Axen, 1992, 2004; Collettini, 2011) including elevated pore fluid pressures, fault
weakness controlled by clay-rich gouge materials with low static friction, and rotated (non-
Andersonian) principal stress orientations conducive to slip at shallower dips. On the coseismic
timescale, dynamically weak fault rocks may govern coseismic fault strength, regardless of their
static frictional strength. Laboratory friction experiments on exhumed low-angle normal fault
rocks from the Zuccale fault in Italy (Smith & Faulkner, 2010; Niemeijer & Collettini, 2014), the
Panamint Valley fault in California (Numelin et al., 2007b) and the Mai’iu fault in Papua New
Guinea (Biemiller et al., 2020b) confirm that well-developed gouges in mature LANFs are
commonly weak (is < 0.4) and velocity-strengthening at shallow subsurface conditions due to
the abundance of compliant clay minerals like saponite. Such weak LANFs may not be
misoriented for reactivation and slip under Andersonian extensional stresses (e.g., Collettini,
2011; Abers, 2009), whereas stronger faults with Byerlee frictional strength may require
favorably rotated principal stresses to slip.

Principal stress orientations near LANFs remain disputed. Early models of LANF
formation invoked rotated principal stresses better oriented for shallow slip, with these
conditions either persisting throughout the crust or localized near the fault or the brittle-ductile
transition (e.g., Spencer & Chase, 1989; Yin, 1989, 1991; Melosh, 1990; Axen, 1992; Wernicke,
1995). Subsequent geodynamic models showed that long-term strain-dependent fault weakening
could facilitate flexural rotation of the footwall via a rolling-hinge, a long-term geodynamic
mechanism invoked to explain the formation and exhumation of metamorphic core complexes in
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the back-rotated footwalls of detachment faults. This may explain the protracted mechanical
viability of normal faults dipping shallowly in the upper few km of the crust subject to
Andersonian extensional loading (Lavier et al., 1999, 2000). Two recent examples highlight the
ongoing discourse about different possible stress orientations around LANFs. Structural analysis
of the Whipple detachment in the southwest United States (Axen, 2020) suggests that it initiated
and slipped as a statically strong (0.6 < ps < 0.85) fault under the influence of local non-
Andersonian stresses with a favorably rotated maximum principal stress, o1, that plunges ~45° in
the dip-direction. In contrast, Mizera et al. (2021) jointly inverted paleostress orientations
recorded by calcite twins in the exhumed footwall of the Mai’iu fault along with the orientations
of smaller faults in its footwall and hanging wall to infer principal stress orientations in both
sections. Their analysis (Figure 1b) found that the hanging wall is characterized by extensional
Andersonian stresses with a vertical maximum principal stress and a horizontal minimum
principal stress aligned parallel to extension. In the footwall, o1 instead appears to be rotated
~15-20° back towards the fault surface, implying that this LANF is even more misoriented for
slip in the footwall stress field than it is under standard Andersonian stress conditions.

Mechanical feedback between fault strength and the orientations and amplitudes of
tectonic stresses influences not only the long-term structural evolution of fault zones, but also the
interseismic, coseismic, and postseismic slip behaviors of active faults. In this study, we develop
data-constrained dynamic rupture scenarios to examine how these different tectonic stress
conditions affect coseismic rupture characteristics of an active LANF. Recent 3D dynamic
rupture models incorporating realistic tectonic stress conditions and complex fault geometries
confirm that regional stress orientations are a key factor controlling the dynamic viability of
coseismic slip (Palgunadi et al., 2020; Ulrich et al., 2022).

The inherent kinematic asymmetry of normal and reverse dipping faults has been shown
to lead to distinct dynamic rupture behaviors, such as reduced or enhanced shallow coseismic
slip (Nielsen, 1998; Oglesby et al., 1998, 2000; Aochi, 2018). Aochi (2018) simulated ruptures
under extensional and compressional loading conditions constrained by Mohr-Coulomb failure
criteria and linear slip-weakening friction. They observed first-order differences in near-surface
rupture characteristics between normal and reverse faults. Reduced shallow normal fault slip was
attributed to limited shallow shear stress accumulation in these models, resulting from the
inherently lower static (Mohr-Coulomb) strength of crustal materials under extension relative to
compression. Additionally, dip-angle-dependent shallow clamping or unclamping can occur
during normal fault earthquakes due to dynamic stress interactions with the free surface above
the shallowest portions of a rupturing normal fault (Nielsen, 1998; Oglesby et al., 1998, 2000).
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Figure 1. Summary of geologic observations of Mai’iu fault structure, rheology and deformation

that can constrain dynamic rupture modeling parameters, initial conditions, or model validation.
See references and sections 2.3, 2.4, and 4.1 for more details. Modified from the following

references: a.) Mapping confirms shallow dips of 16-24° and geomorphic analysis of fault

remnants exhumed atop the corrugated footwall reveals rolling-hinge-style exhumation and
ongoing along-strike contraction (Little et al., 2019; Mizera et al., 2019; Webber et al., 2020). b.)
Inversion of paleostress orientations recorded by syntectonic calcite veins and minor faults
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indicate Andersonian stresses in the hanging wall and back-rotated principal stresses in the
footwall (Mizera et al., 2021); paleostresses indicate depth-dependent fault strength including a
differential stress peak from ~6-12 km depth (see panel g). c.) Velocity-stepping laboratory
friction experiments on exhumed fault materials reveal weak, velocity-strengthening saponitic
gouges in the shallow fault zone (<~6 km depth) above stronger, velocity-weakening cataclastic
rocks formed and deformed deeper (Biemiller et al., 2020b). d.) Exhumed fault rock
microstructures preserve progressive sequence of mixed frictional-viscous deformation including
dislocation creep and seismic slip; chlorite geothermometry provides temperature and depth
constraints for this deformation sequence (Little et al., 2019; Mizera et al., 2020).
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Figure 2. Summary of geophysical and geodetic observations of Mai’iu fault geometry, elastic
structure, and active deformation that can constrain dynamic rupture modeling parameters, initial
conditions, or model validation. a.) Campaign GNSS measurements across the fault record
horizontal extension rates >8 mm/yr and suggest interseismic creep updip and downdip of a
strongly locked zone from ~5-13 km depth (Biemiller et al., 2020b). b.) Planar-aligned
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microseismicity offshore shows that from ~15-25 km depth the Mai’1u fault dips ~30-40° and
deforms by viscous creep accompanied by microseismic brittle failure; seismic velocity
modeling constrains depth-dependent temperature, density, and rigidity (Abers et al., 2016; Eilon
et al., 2015). c.) Summary figure showing inferred present-day deformation patterns and
mechanisms relative to lithological configuration and footwall paleostress profile (Biemiller et
al., 2020b; Mizera et al., 2021).

2 Methods

2.1 3D dynamic rupture modeling with SeisSol

Computational scenarios investigating LANF rupture dynamics must account for the
curved, shallowly dipping fault geometry and capture free-surface effects. We use SeisSol
(www.seissol.org) to solve the nonlinear coupled problem of spontaneous frictional failure and
seismic wave propagation. SeisSol uses fully non-uniform, statically adaptive, unstructured
tetrahedral meshes enabling geometrically complex models such as curved faults that intersect
the Earth’s surface. Mesh resolution is adapted to ensure fine sampling of the faults while
satisfying the requirements regarding numerical dispersion of pure wave propagation away from
the fault (Figures 2a,b). End-to-end computational optimization (Heinecke et al., 2014;
Rettenberger et al., 2016; Uphoft et al., 2017), including an efficient local time-stepping
algorithm, allows for high efficiency on high-performance computing infrastructure. SeisSol has
been verified (Pelties et al., 2014) against a wide range of community benchmarks (Harris et al.,
2009, 2011, 2018). SeisSol is freely available (https://github.com/SeisSol/SeisSol).

2.2 Rate-and-state friction with enhanced velocity-weakening

Rate-and-state-dependent friction laws with enhanced velocity weakening allow faults to
operate at low average shear stress (e.g., Noda et al., 2009; Dunham et al., 2011). We use a
regularized formulation following Dunham et al. (2011) and Harris et al. (2018) as detailed in
Supporting Text S1. This formulation introduces severe velocity-weakening in the form of a 1/V
behavior of frictional strength which accounts for thermally activated rapid frictional weakening
at coseismic slip rates observed in high-velocity laboratory friction experiments, which has been
attributed to fault lubrication due to the generation of reaction products, fluidized gouges, or
even melts (e.g., Di Toro et al., 2011) and/or flash heating (e.g., Beeler et al., 2008). Note that at
slip rates below the weakening velocity Vy, the frictional response to slip-rate variations is
governed by the rate-and-state friction parameters @ and b. Materials with a-b>0 are velocity-
strengthening, with frictional strength increasing in response to increased slip rate, promoting
stable aseismic slip; those with a-b<0 are velocity-weakening and conditionally unstable, with
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frictional strength decreasing in response to increased slip rate, potentially enabling unstable
seismic slip. Friction parameters in our models are described in section 2.3.2 and Figure 4c.

2.3 Data-constrained LANF reference model setup

We develop a LANF reference dynamic rupture model setup, in which we implement
physical conditions and mechanical properties inferred from recent observations of southeastern
Papua New Guinea and the Mai’iu fault system (Figure 3). These include Andersonian stresses
consistent with observationally constrained strike-perpendicular extension and strike-parallel
constriction. In subsequent models, we vary parameters such as prestress and fault friction to
assess how these conditions affect key dynamic rupture characteristics like the spatial extent and
rake of slip, surface uplift, seismic moment, total slip, peak slip rate, rupture speed and stress
drop. In this section we describe the reference model parameter choices (Figures 2, 3a; Table 1)
along with the field and laboratory evidence on which they are based.

2.3.1 Non-planar fault geometry

Our non-planar fault geometry (Figure 3a,b) is based on that of Webber et al. (2020), who
combined surface dip measurements with the microseismic data of Abers et al. (2016) to
constrain an interpolated subsurface model of the distinctively corrugated Mai’iu fault. Near the
base of the rapidly exhuming Mt. Dayman, the active fault geometry mirrors the concave-down
morphology of the domal footwall and exhumed fault surface of Mizera et al. (2019). Along-
strike to the southeast, the fault shallows and becomes concave-up beneath the Gwoira rider
block, a slice of the original hanging wall captured within the footwall of the active Gwoira splay
fault dipping 37-44°. Further southeast, the Mai’iu fault steps offshore where seismic reflection
data indicate pervasive normal faulting of its hanging wall basin (Fitz, 2011; Fitz & Mann,
2013a, 2013b), although the lack of surface exposure reduces the accuracy of the fault model
here.

Mesh resolution (Figure 3b) is statically adapted to ensure high enough fault resolution
(Text S2) and ranges from ~90 m to ~150 m. The full model domain is 1,000 x 1,000 x 500 km?,
much larger than the ~80 x 70 x 40 km? region of interest (Figures 2, 4b) to avoid any spurious
reflected waves from non-perfect absorbing boundaries. The top boundary is a flat free surface.
Automatized unstructured tetrahedral mesh generation is performed with the software PUMGen
(https://github.com/SeisSol/PUMGen/), which also exports the mesh into the efficient PUML
format used by SeisSol. PUMGen embeds MeshSim from SimMetrix, the underlying mesh

generator of SimModeler (www.simmetrix.com), such that the mesh generation may be run in

parallel on a compute cluster.

2.3.2 Fault frictional constitutive behaviour
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Dramatic frictional weakening (Section 2.2) is the key mechanism governing dynamic
(co-seismic) fault weakness in our models. Rate-and-state friction parameters are based on those
measured by velocity-stepping laboratory friction experiments performed on various units of the
exhumed Mai’iu fault rock sequence under hydrothermal conditions analogous to a range of
crustal depths (Biemiller et al., 2020b). Microstructural studies of these fault rocks revealed a
sequence of syn-extensionally deformed units progressing from the undeformed metabasaltic
protolith to ductilely sheared mylonites to frictional-viscously deformed cataclasites and
ultracataclasites to phyllosilicate-rich mafic and saponitic gouges (Little et al., 2019; Mizera et
al., 2020). Chlorite geothermometry provides constraints on the temperature and depth ranges
over which each fault rock unit deformed and accommodated a major component of fault slip
(Mizera et al., 2020). In our models, we map the measured a-b values of each unit to the
temperature-depth range over which it is inferred to have deformed (Figure 3c), following the
approach of slow slip cycle continuum models (e.g., Liu & Rice, 2007). While our distribution of
friction parameters is based directly on laboratory friction experiments coupled with
microstructural and geothermometric analyses of the exhumed fault rock sequence, we note that
the resulting frictional stability profile mirrors inferred interseismic locking patterns on the
Mai’iu fault and thus accords with seismic cycle models that constrain fault friction based on
geodetic inferences of interseismic coupling (e.g., Barbot, 2012; Li & Luo, 2021).

In the seismogenic portion of the fault above 15 km, we use a characteristic weakening
velocity Vi = 0.1 m/s based on the experimentally observed drop-off of effective friction
coefficient from slip rates of 0.01 to 1.0 m/s (D1 Toro et al., 2011) and identical to the value of
Vy used in SCEC dynamic rupture benchmarks TPV-103, TPV-104, and TPV-105 (Harris et al.,
2018). Also, the inferred slip velocity at the onset of severe thermal weakening induced by flash
heating is of the order of 0.1 m/s for background temperatures at the middle depth of crustal
seismogenic zones (Rice, 2006). While a plausible range of Vy is 0.05 to 2 m/s (Beeler et al.,
2008) previous studies explored the effect of variations of Vi, (Zheng & Rice, 1998; Nielsen &
Carlson, 2000; Ampuero & Ben-Zion, 2008; Gabriel et al., 2012) analytically and numerically
identifying predictable effects of tuning the weakening mechanism between dominantly slip-
weakening or velocity-weakening behavior. For example, decreasing Vy increases the velocity-
weakening rate, and hence reduces the effective nucleation size. Above ~300°C, the exhumed
foliated cataclasites and mylonites are primarily velocity-strengthening, and synextensionally
formed microstructures indicate that viscous creep mechanisms across a wider and less localized
mylonitic shear zone accommodate most offset in this regime. As such, from 15-17.5 km depth
the weakening velocity Vy, increases from the standard value of 0.1 up to 1.0 (Figure 3d) to
enhance the inferred velocity-strengthening behavior at these depths. Additionally, we minimize
any dynamic effects of the sharp corners of the fault model geometry from Webber et al. (2020)
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by applying a 6-km-wide border of velocity-strengthening material (a-b = 0.006; Vy, = 1.0) at the
along-strike terminations of the modeled fault (Figure 3a).

Other friction parameters are constant as shown in Figure 3d. The maximum friction
coefficient reached during rupture is not a prescribed model parameter. Its value varies along the
fault and often exceeds our constant steady-state low-velocity friction coefficient f,=0.6, but
rarely falls below this value. For simplicity, we use an estimated equivalent static friction
coefficient us = fo = 0.6 as a conservative value in the analysis of our simulation results and for
constraining prestress magnitudes (see Section 2.4). Our assumed fully weakened friction
coefficient, fy = 0.2, is based on the minimum experimentally measured effective friction in the
velocity-weakening units of the exhumed Mai’iu fault rock sequence (Biemiller et al., 2020a)
and falls within the range of values typically used in dynamic rupture earthquake models that
reproduce rupture complexities, such as rupture reactivation and pulse-like ruptures, without
assuming small-scale heterogeneities (Noda et al., 2009; Gabriel et al., 2012; Shi & Day, 2013;
Palgunadi et al., 2020).

2.3.3. Regional lithological structure

Depth-dependent density (p) and elastic moduli (shear modulus G, Lamé parameter )
(Figure 3e) are derived from the Papuan Peninsula seismic velocity models of Abers et al. (2016)
and FEilon et al. (2015) in which Vs ranges from 3.2 km/s at 3 km depth to 4.3 km/s at 60 km
depth with associated V,, ranging from 5.8 km/s to 7.7 km/s. Above 3 km these parameters are
set to their minimum values of Vs = 3.2 km/s and V, = 5.8 km/s, more representative of the
strong metabasaltic footwall rocks than the weaker sediments in the shallowest hanging wall.
Following microstructural analyses that show little evidence of sustained overpressures in the
fault core (Little et al., 2019; Mizera et al., 2020), our models use a modest pore fluid pressure
ratio, Ar = Pi/pgz, of 0.66 unless otherwise noted.
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d. Velocity-strengthening (a-b = 0.006,V, = 1.0)
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d. Model 1: Andersonian extension, b. Model 2: back-rotated €. Model 3: optimally inclined for d. Model 4: Andersonian extension,
uniform effective static friction (f, = 0.6) footwall paleostresses slip on 30°-dipping normal fault reduced friction (f)) above 12 km depth
G;>)
1 o
(0}
1 - 63
Reference Model T

e | 108
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North (km) 0 0.2 0.4 0.6

' L e—

Figure 4. a-d.) Schematic of principal stress orientations (above) and ratios of initial shear to

effective normal stress, reflecting slip tendency (below) in models 1-4, respectively. We can
consider fy as an estimate of the static friction coefficient (see Sections 2.3.2 and 2.4). Thus, the
fault is initially close to failure when its apparent strength (initial shear over effective normal
stress) is close to ~0.6 (except in model 4 at shallow depth, where a reduced fy is assumed in the
computation of initial fault stress).

Plunge
Model Figure Plunge direction
# # Thuc I'nuc Ro A fo Stress of 6 of 6 My Fault geometry
Webber et al.
Andersonian extension with constant fo, unless (2020) unless
(MPa) (km) noted ©) noted
1 3,4 30 2 0.95 | 0.66 0.6 90 7.14
2 4 45 3 0.95 0.66 0.6 Footwall paleostresses: backwards-inclined o1 15 S30°W 6.42
3 4 30 2 0.95 0.66 0.6 Inclined o1 well-oriented for LANF slip 30 N30°E 7.79
0.2
4 4 30 2 0.95 0.66 0.6 Andersonian extension with depth-varying fo 90 6.88

Table 1. Parameters varied in dynamic rupture simulation scenarios: maximum magnitude of
nucleation overstress Thue, nucleation radius rmuc, nitial prestress ratio Ro (equation 1), pore fluid
pressure ratio Ar (section 2.3.3), effective static friction fo, and resulting earthquake magnitude
My.

2.4 Regional stress constraints and LANF loading

We simulate ruptures under different prestress conditions (Table 1) including
Andersonian extension (Figure 4a,d) and stress fields where the maximum principal stress is
non-vertical and plunges towards or away from the dip-slip direction (Figure 4b,c). Paleostress
inversions (Mizera et al., 2021) and ongoing folding of the megacorrugated footwall (Little et al.,
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2019; Webber et al., 2020) indicate that strike-perpendicular extension is accompanied by strike-
parallel constriction. The reference model, model 1 (Figure 4a, Table 1), employs an
Andersonian stress field with the intermediate principal stress o> oriented along-strike (N6OW)
resulting in the minimum principal stress o3 aligned parallel to the extension direction (N30E).
The relative magnitudes of the principal stresses can be quantified by the stress-shape ratio, &=
Oy

0—03, where @ ranges from 0 (uniaxial compression with 61 >> 62 = 63) to 1 (axial constriction
1703

with 61 ® 62 >> 63). Following Mizera et al. (2021) who report strongly constrictional stresses, we
assume @ = 0.8 in all models.

How close any patch on the fault is to failure can be expressed by its apparent strength,
the closeness of the ratio of initial shear stress over effective normal stress to an estimated
equivalent static friction coefficient s = fo = 0.6 (Fig. 3) following Mohr-Coulomb theory. This
apparent strength of the fault can be related to dynamic parameters which constrain the
magnitude of deviatoric stresses (Ulrich et al., 2019b). We define the relative prestress ratio, R
(Aochi & Madariaga, 2003), which is the ratio of the potential stress drop, 4z, to the full
breakdown strength drop, Aty,:

— AT _ To=Hadn' _ To—fwOn' (1)
Aty (us—ua)on’  (fo—fw)on!
where T,is the initial shear stress, g,," is the initial effective normal stress, p; =~ fo is the
estimated equivalent static friction coefficient and pu; = fy is the estimated equivalent dynamic
friction coefficient. To compute R we assume pg = fw = 0.2, as we observe that fully weakened
friction is typically reached. R is a relative fault strength defined with respect to the frictional
strength drop. We prescribe only the maximum prestress ratio, Ro, which is the prestress ratio of
an optimally oriented fault in the stress field. Local fault orientation controls the initial prestress
at any point on the fault, with R<R,. For R=Ry, the fault segment is optimally oriented with
respect to the local stress conditions. For Ro=1 an optimally oriented fault segment is also
critically stressed.

Stress magnitudes for each simulation are computed using observations following the
approach of Ulrich et al. (2019b) assuming normal-sense dip-slip based on @, A, Ro, the azimuth
of 62, and the frictional strength of the fault given by fo. In Models 1-4, Ro=0.95, A+ =0.66, ® =
0.8, and o> strikes N60OW. Model variants with lower Ro and A¢ (Figures S1, S2) require larger
nucleation overstresses to rupture past the nucleation zone, but generally exhibit slip patterns
similar to the reference model, highlighting the prevalence of these rupture characteristics over a
wide range of initial conditions. We apply a smooth depth-dependent deviatoric stress taper to
account for viscous creep below the brittle-ductile transition zone that limits the accumulation of
elastic strains and deviatoric stresses around deeper portions of the shear zone during the
interseismic period. We apply this taper from 11-15 km depth based on diffusion creep and
grain-boundary sliding recorded microstructurally in the fault rocks deformed below the
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paleopiezometrically determined fault strength peak from 6-12 km depth (Mizera et al., 2020,
2021).

2.5 Earthquake nucleation

Earthquakes in dynamic rupture models can be nucleated in a variety of ways. We aim
for the nucleation procedure that requires the smallest perturbation in order to minimize artificial
effects of the nucleation conditions on rupture behavior (e.g., Galis et al., 2015). We nucleate
slip at a reasonable location on the fault based on available data. Nucleation is commonly
imposed through a temporary local reduction of fault frictional strength (e.g., Harris et al., 2021),
or via temporary local increased stresses (e.g., Galis et al., 2015). Here, we impose a temporary
increase in the down-dip shear traction on the fault (Tu.c) that evolves smoothly in both space
and time over a spherical region of radius rnu and a nucleation duration ty.c (Figure S9). We
assume earthquakes on the Mai’iu fault are most likely to nucleate in the strong velocity-
weakening cataclastic fault rocks in the vicinity of the paleopiezometric stress and strength peak
and the geodetically locked zone, around 10-12 km depth. Thus, we apply the nucleation
conditions in a central location along-strike centered at a depth of 11 km. Through trial-and-
error, we derive the smallest possible shear traction perturbation that leads to rupture propagation
in most models, using Tnuc 0f 30 MPa, rnuc of 2 km, and tnu of 1 second.
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Figure 5. Temporal evolution of a.) fault slip and b.) vertical surface displacement in the
reference model. The last snapshot at 15s simulation time in a) includes a perspective view of the
accumulated vertical surface displacement. The gray shaded rectangular area in b) is the
mapview area of our full modeled fault geometry (full fault model domain shown in Figure 3a).
c.) Magnitudes of modeled coseismic hanging-wall subsidence of ~1 m (blue arrow) beneath
Goodenough Bay are similar to maximum paleoseismic displacements (red arrow) inferred from
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episodically emerged fossilized coral platforms found there, as shown by the elevations and
U/Th ages of d.) sampled platforms from Western Goodenough Bay (from Biemiller et al.,
2020a).

3. Results

In the following sections we describe four key LANF dynamic rupture models including
one preferred reference model. In the Supporting Information we detail additional results from
dynamic rupture simulations probing model sensitivity, including models with alternate pre-
stresses that are initially farther from failure, models with alternate pore fluid pressures, variants
of model 3 with stronger imposed nucleation conditions, models with planar detachment fault
geometries, models without velocity-strengthening materials in the shallow parts of the fault,
models with different nucleation locations, and models with different characteristic weakening
velocities Vy (Table S1, Figures S1-S8).

3.1 Reference model based on inferred hanging-wall stresses: Andersonian extension and
uniform fault static friction fo= 0.6

Figures 4a and 4b show the evolution of fault slip and vertical surface displacement over
15 s of the simulated My, 7.1 earthquake in the reference model. Figures 5a-d summarize
accumulated fault slip, rupture velocity, total shear stress and stress drop which we estimate as
the difference between the initial (at t=0 s) and final total shear stress after 15 seconds simulation
time.Model 1 is loaded with Andersonian extensional stresses, as inferred from paleostress
analysis of hanging-wall faults (Mizera et al., 2021), computed for Byerlee frictional fault
strength assuming uniform fo= 0.6 (Figure 4a; Table 1). The imposed nucleation traction
perturbation lasts one second, and subsequent rupture is spontaneous and self-sustained. Rupture
initially propagates updip towards the surface and in both directions along-strike, but arrests
downdip near the deviatoric stress taper and the transition to velocity-strengthening fault
materials. In the western portion of the fault downdip of Mt. Dayman, updip rupture propagation
is arrested at around 5 km depth, near the transition to shallow velocity-strengthening gouges. In
contrast, rupture penetrates the shallow velocity-strengthening portion of the eastern segment
along Goodenough Bay resulting in 1-2 m of slip at the surface. Lateral rupture propagation
proceeds along-strike in both directions within the velocity-weakening units between 5-13 km
depth until reaching the edges of the modeled fault, where imposed velocity-strengthening
borders arrest rupture. Rupture propagates at 3-4 km/s rupture velocity on most of the slipped
fault (Figure 6b), but briefly reaches supershear speeds approaching the assumed respective local
P-wave velocities ranging from 6.3 km/s close to the hypocentre to 5.8 km/s near the free
surface. Supershear rupture remains localized within ~1 km of the nucleation zone and in a small

patch of the shallow Goodenough segment, where unsustained supershear slip initiates slightly
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ahead of the main rupture front. This shallow supershear rupture behavior arises following the
emergence of a secondary rupture front updip of the initially slipping patch in dynamic rupture
models of more steeply dipping normal faults with a free surface, which Oglesby et al. (1998)
attribute to a temporary reduction of normal stress updip of the initially slipped portion that
brings the shallow portion of the fault near the free surface close to failure before the initial
rupture front reaches it. Free surface interactions promoting shallow supershear rupture (Kaneko
& Lapusta, 2010) and transient local stress perturbations from trapped waves in the hanging wall
(e.g., Oglesby et al., 1998; Huang et al., 2012) likely amplify the fast rupture velocities
associated with this ‘rupture jumping ahead’ behavior. Although shallow updip rupture jumping
appears mechanically feasible, we are not aware of any well-documented instances of supershear
rupture during LANF earthquakes. Between 6-13 km depth, stress drops range from 4-11 MPa
(Figure 6d), while in the shallow slipped portion stress drops are limited to <3 MPa, which is a
consequence of the linear depth-dependence of the initial loading.

Coseismic vertical surface displacements are punctuated by dynamic along-strike and
counter-dip-direction propagation of a surface-wave-mediated uplift front, 30-40 cm high, that
initiates atop the hanging wall, followed closely by along-strike propagation of a more
pronounced pattern of subsidence in the hanging wall which outlines the final static displacement
pattern of hanging wall subsidence of up to 1.1 m. Static footwall uplift occurs only at the trace
of the Goodenough segment and is limited to < 3 cm. With observationally constrained
mechanical properties and fault geometry subject to stresses consistent with structurally inferred
hanging-wall stresses, this model generates coseismic vertical surface displacements in western
Goodenough Bay similar to paleoseismic offsets inferred from rapidly emerged fossilized coral
platforms there (Figure 5b-d; see section 4.1 for details). Thus, Model 1 is a compelling and
appropriate reference model against which to compare results from other rupture scenarios.
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Figure 6. Results after 15 seconds for models 1 (a-d), 2 (e-h), 3 (i-1) and 4 (m-p). Top row: Total
slip (m) with white rupture contours plotted every 1 s. Second row: Rupture velocity (km/s).

Localized supershear rupture episodes appear as light blue, e.g. updip of the nucleation zone in
model 3. Third row: Postseismic shear stress. Shallow stress concentrations updip of a buried
rupture patch (c,0) may promote shallow afterslip or interseismic creep (see Discussion). Bottom
row: modelled stress drop (MPa) estimated as the change in total shear stress from t=0s to t=15s.

3.2 Model 2: inclined principal stress orientations inferred from syntectonic calcite veins
in the exhumed footwall

The setup of Model 2 is identical to the reference model except that initial stresses are
calculated based on a o1 orientation plunging 15° SSW, now consistent with the
paleopiezometrically inferred footwall stress orientations (Mizera et al., 2021) and optimally
oriented for dip-slip on a normal fault dipping 75°. With such backwards-inclined principal
stresses, LANFs should be even less well-aligned for slip than they are under Andersonian
conditions, as illustrated by the decreased ratio of initial shear stress over initial effective normal
stress (Figure 4b). With identical imposed nucleation tractions to those that generate a My, 7.1
event in the reference model, rupture fails to nucleate under these rotated principal stress
conditions and slip remains limited to the predefined nucleation patch. Increasing the magnitude
and area of the imposed overstress results in more slip in and around the nucleation zone, but
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does not lead to a dynamically viable model with rupture propagating onto other parts of the fault
(Figure S3). For example, the panels in Figure 6 associated with model 2 result from a model
with 50% increased nucleation conditions (Thuec =45 MPa, rnuc = 3 km), yet slip remains limited
to within a few km of the nucleation zone. Ry is already close to 1 in models 1-4 and cannot be
increased further to enhance slip tendency and promote unstable slip. Thus, these backwards-
inclined principal stress orientations appear to be incompatible with any dynamically viable

rupture scenarios.

3.3 Model 3: inclined principal stress orientations aligned optimally for dip-slip on a
normal fault dipping 30°

Many models for LANF formation propose that rotated principal stress orientations
through part or all of the crust establish a stress field conducive to normal-sense slip on
shallowly-dipping faults, with o plunging at a small angle to the detachment (e.g., Spencer &
Chase, 1989; Lister & Davis, 1989; Yin, 1989; Melosh, 1990). We test the dynamic effects of
such a stress field in model 3. Conditions in model 3 are identical to model 2 except that o1
plunges 30° in the opposite direction (NNE), such that it is more closely aligned with the dipping
fault. Such rotated stresses should be optimally aligned for normal-sense slip on a fault dipping
30°, as highlighted by the increased ratio of initial shear stress over initial effective normal stress
(Figure 4c). As in the reference model, rupture in model 3 initially propagates rapidly in all
directions except down-dip (Figure 61); however, it subsequently accelerates updip rather than
arresting near the transition to velocity-strengthening material. After 7 s, slip penetrates to the
surface on the most shallowly-dipping segment beneath the Gwoira rider block. Subsequent
rupture propagates in both directions along-strike at all depths above ~14 km, saturating the
entire fault with slip and even rupturing into the strongly velocity-strengthening barriers at the
along-strike edges of the model. This My, 7.8 earthquake results in maximum slip of more than
12 m, including up to 11 m of slip at the surface. Unlike the reference model, this event includes
localized but significant supershear rupture episodes directly updip of the nucleation zone
(Figure 6j). Modelled stress drops are larger than in Model 1, ranging from 15 MPa to more than
20 MPa between 6 and 13 km depth (Figure 61).

3.4 Model 4: Andersonian extensional stresses adjusted for reduced near-surface static
effective friction (0.25 < £y <0.6)

Finally, Model 4 considers decreased near-surface fault stress and strength conditions
implemented through reduced effective static friction fo above 12 km depth. Mechanical models
of LANF formation commonly invoke significant shallow fault weakening to explain how these
normal faults penetrate through the upper crust and remain active at such shallow dips (e.g.,
Axen, 1992; Collettini, 2011). In addition, geodynamic models that develop LANFs via footwall
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rotation through a self-consistent rolling-hinge typically require finite strain-weakening
mechanisms. These reduce fault strength with continued slip and flexural rotation of the fault and
exhuming footwall, leading to very low effective fault strength near the surface (e.g., Buck,

1988; Lavier et al., 1999, 2000; Whitney et al., 2013). Possible brittle strain-weakening
mechanisms include loss of cohesion and precipitation of weak clay minerals during prolonged
slip, while viscous strain-weakening may occur via grain-size reduction and related strain
localization. Thus, it appears feasible that crustal stresses near such weak faults may be
modulated by local fault strength (Axen, 1992; Rice, 1992) and vary with depth based on fault
rock and gouge composition. In model 4, Andersonian extensional stresses are computed as in
the reference model, but assuming that the shallow equivalent static friction coefficient fo
decreases linearly from 0.6 at 12 km depth to 0.25 at the surface following experimentally
measured friction coefficients of the exhumed Mai’iu fault rocks (Biemiller et al., 2020b). The
resulting earthquake mirrors most of the slip behavior of the reference model, but rupture notably
does not penetrate to the surface through the shallow velocity-strengthening region of any fault
segment. Instead, slip is limited to depths of ~6-13 km within a slightly narrower along-strike
region, resulting in less total slip everywhere during this smaller My 7.0 event.

4. Discussion

4.1 Integration of observations to constrain dynamic rupture modeling of LANF
earthquake scenarios

Initial conditions of dynamic rupture modeling include the preexisting state of stress and
the frictional properties governing fault strength and sliding, as well as the lithological structure
and fault geometries. We demonstrate how to integrate geophysical and geologic observations to
constrain all required initial conditions for realistic LANF earthquake scenarios. For example, we
impose a linearly decreasing deviatoric stress ramp from 11-15 km depth based on the
paleostress depth profile of Mizera et al. (2021), which successfully limits the downdip rupture
extent in all models to between 13-15 km depth, in line with both the geodetically inferred
downdip edge of interseismic locking and the updip extent of planar-aligned microseismicity
inferred to delineate the viscously creeping mylonitic shear zone. Our modelled earthquakes
agree with realistic levels of static and dynamic frictional resistance, slip, rupture speed and
stress drop and adopt a friction law with severe velocity weakening that enables complex rupture
and realistic amounts of slip, in contrast to simplified friction laws. Our models do not explain
unique features of a particular instrumentally recorded earthquake. Instead, we develop a suite of
data-constrained dynamic rupture simulations to probe longer-term tectonic and geomechanical
questions, such as ‘what is the state of stress around active LANFs?’ (sections 4.3 & 4.4). While
this distinction is partially necessitated by the absence of sufficiently well-documented modern
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LANF earthquakes, our approach highlights how dynamic rupture models can be used to address
interdisciplinary and multi-timescale geoscience problems, augmenting the typical scope of
observational seismology. In addition, we extend recent studies that leverage data-constrained
dynamic rupture scenarios to better understand the future rupture behavior of active seismogenic
faults that have not slipped in a large earthquake during the modern instrumental record, but
nonetheless pose significant hazards to nearby communities (Aochi & Ulrich, 2015; Ramos &
Huang, 2019; Ramos et al., 2021; Aslam et al., 2021; Melgar, 2021) for the first time to a LANF
setting.

4.2 Implications of the reference model for the seismic cycle and hazard potential of the
Mai’iu fault

Geologic and geophysical evidence of past and ongoing Mai’iu fault deformation align
well with areas of the fault that dynamically slip in the reference model with strike-perpendicular
Andersonian extension in a constrictional stress field, modest pore fluid pressure, and high
closeness-to-failure for well-oriented fault segments. Although the same depth-dependent
frictional and mechanical properties are assumed uniformly along strike, rupture propagates to
the surface on the eastern Goodenough segment, but not on the central Gwoira segment, where
the capture and transport of the overlying Gwoira rider block indicates abandonment of the
shallowest portion of the Mai’iu fault (Little et al., 2019; Webber et al., 2020). We attribute these
preferential shallow rupture patterns to static and dynamic effects associated with the local fault
geometry: the Goodenough segment dips more steeply near the surface than the Gwoira or
Dayman segments. In terms of static fault mechanical viability, the more steeply-dipping
segments are better-oriented for normal slip. Co-seismically, rupture asymmetry and static and
dynamic stress interactions between a slipping normal fault and the free surface can either hinder
or promote near-surface rupture depending on the fault dip (Nielsen, 1998, Oglesby et al., 1998,
2000, 2008; Ma and Beroza, 2008).

Additional dynamic increase of shallow shear stresses close to the free-surface is caused
by trapped waves between the free-surface and the hanging-wall favoring shallow slip (e.g.,
Oglesby et al., 1998; Huang et al., 2012). These combined static and dynamic effects promote
shallow rupture by dynamically weakening normal faults dipping 30°-75° but impede shallow
rupture on those dipping less than 30° or more than 75° (Oglesby et al., 1998). This effect of
fault dip on dynamic rupture viability is highlighted and isolated in alternative models with
planar detachments dipping 25° and 35° (Figure S4): rupture fails to propagate more than a few
km past the nucleation zone on the 25°-dipping fault, whereas the entire 35°-dipping fault slips
above ~12 km depth with rupture propagating to the surface everywhere.

Rupture on the Gwoira and Dayman segments notably arrests around 5 km depth, at the
updip edge of the geodetically inferred locked zone. This modeled rupture pattern raises the
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interesting possibility that postseismic stress concentrations leftover from an earthquake may
drive shallow afterslip and/or interseismic creep updip of the area that slipped coseismically,
within the weak velocity-strengthening saponitic gouges found there. Figure 6 (third row)
illustrates modeled postseismic shear stress concentrations outlining the rupture areas, which in
Models 1 and 4 include large shear stress increases updip of the buried rupture patch that could
drive shallow afterslip or interseismic creep (Figure 6¢,0). Additionally, shallower slip on all
segments in an alternate model with a-b<0 above 15 km depth confirms the important stabilizing
role of the shallow velocity-strengthening gouges in limiting shallow coseismic slip (Figure S5).

Distinct platform-notch-platform sequences of fossilized coral reefs along the
southwestern Goodenough Bay shoreline indicate punctuated emergence events with average
maximum vertical displacements of 1.3 m (Figure 5c¢,d; Biemiller et al., 2020a). Rupture in the
reference model propagates to the surface on the segment directly below these emerged corals,
resulting in ~2 m of near-surface slip and static vertical coseismic offsets of up to 1.1 m (Figure
5). Interestingly, the modeled offsets consist almost entirely of hanging-wall subsidence with
only a few cm of footwall uplift. Based on the faceted coastal morphology and presence of older
fossilized corals at >300 m elevation (Mann & Taylor, 2002; Mann et al., 2004, 2009), these
younger emerged coral platforms were previously interpreted as products of coseismic footwall
uplift during normal fault earthquakes (Biemiller et al., 2020a); however, our dynamic rupture
models suggest that these platform-notch sequences may form due to abrupt coseismic hanging
wall subsidence but emerge during more gradual footwall uplift that persists through most or all
of the seismic cycle. This process is more consistent with geodetically observed coseismic
vertical displacements from continental normal fault earthquakes, which typically show
pronounced hanging wall subsidence and minor-to-moderate footwall uplift (e.g., Stein &
Barrientos, 1985; Cheloni et al., 2017). Additionally, gradual emergence may explain the poor
along-strike preservation of these pronounced platforms: only the largest platforms on the most
rapidly uplifting parts of the coastline can survive the intense erosion they experience during
gradual emergence through the intertidal zone.

4.3 Stress orientations near seismogenic detachment faults

Detachment faults commonly juxtapose strong metamorphic footwall rocks against
weaker sedimentary rocks in the hanging wall (e.g., Whitney et al., 2013), but the effect of such
strength contrasts on the interseismic loading of these faults remains unclear. Dynamic rupture
models of planar bimaterial normal faults show that peak ground motions are larger when the
hanging wall contains more compliant material, but that this strength configuration reduces the
coseismic strength drop on the shallow part of the fault (Ma & Beroza, 2008). Failed nucleation
in Model 2 implies that applied stresses on the Mai’1u fault are more similar to those in its
hanging wall than its footwall, suggesting that effective stress on the seismogenic portions of



677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713

manuscript submitted to Geochemistry, Geophysics, Geosystems

detachments may be limited by the strength of the hanging wall, which is typically lower than
that of the metamorphic footwall due to the presence of weaker, less consolidated,
unmetamorphosed sedimentary rocks. Additionally, stresses in the footwall and hanging wall
may be largely decoupled if the detachment is weak, as suggested by paleopiezometry and
geodynamic models of the Mai’iu fault (Biemiller et al., 2019; Mizera et al., 2021), not unlike
local stress orientation heterogeneities observed in the shallow subduction margins of Nankai
(Lin et al., 2016) and Hikurangi (McNamara et al., 2021) which may be tied to effective stress
and pore pressure discontinuities across the weak, impermeable shallow subduction interface
fault zones (e.g., Skarbek & Saffer, 2009).

Although rotated principal stresses better-aligned for low-angle normal-sense slip have
been proposed for some LANFs, we find that these conditions are not necessary to explain
continued slip on these faults, as highlighted by recent fault reactivation analyses (e.g., Abers,
2009; Collettini, 2011). If any detachment faults formed and remain active within optimally
inclined stress fields, these are certainly the most likely to host large (Mw >8) damaging
earthquakes (Figure 61); however, these stress conditions do not appear to be common or
representative of most extensional settings. Our dynamic rupture scenario with well-aligned
principal stresses features high stress drops (>15 MPa; Figure 61) and supershear rupture
velocities (larger than the seismic shear wave velocity; Figure 6j). Sustained supershear rupture
transition is associated with larger relative prestress ratio Ry (e.g., Andrews, 1976; Das & Aki,
1977; Dunham et al., 2007; Gabriel et al., 2012). The expected stress drop in our models can be
estimated to first order as (1-Af)on’(Us-pda)Ro (Ulrich et al., 2019b) which in model 4, for example,
increases from 0 MPa at the surface to 24 MPa at 15 km depth. Thus, both the dynamically
modeled stress drop and the rupture velocity could be decreased in models with lower Ro;
however, low Ro would hinder rupture nucleation on any segment and would imply that even
well-oriented parts of the fault are stressed far from criticality, which is at odds with observations
from continental drilling (e.g., Townend & Zoback, 2000; Zoback & Townend, 2001) and post-
glacial fault reactivation (e.g., Steffen & Steffen, 2021) that indicate the crust is critically
stressed (e.g., Zoback & Zoback, 2007). Sibson (1990) distinguished two classes of misoriented
faults: those that are unfavorably oriented under Anderson-Byerlee conditions, and those that are
severely misoriented and require pore fluid pressures to exceed o3 for the fault to remain
mechanically viable, breaching the so-called ‘hydrofrac limit’ (e.g., Abers, 2009) at which
deformation proceeds via the opening of new hydrofractures rather than continued fault slip.
Although the most shallowly dipping portions of LANFs appear unfavorably oriented to
Andersonian stresses, their local static frictional weakness may keep them from being severely
misoriented for long-term slip viability by reducing the lock-up angle of their hydrofrac limit
(e.g., Collettini, 2011), enabling dynamic slip viability during ruptures nucleated on nearby
segments that may be better-oriented. In the case of the Mai’iu fault, steeper dips of 30-40° at
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seismogenic depths of 12-15 km indicate the fault is better-oriented at depth and help explain the
mechanical viability of rupture nucleation on this fault.

4.4 LANF stress criticality and implications for ‘keystone’ faults and complex ruptures

Understanding whether LANFs must be critically stressed to slip coseismically could
help assess whether LANF segments control the interseismic strength and eventual seismic
failure of multi-fault detachment systems. Our dynamic rupture modeling explains how
coseismic slip can penetrate into unexpected parts of faults that do not appear well-primed for
seismic slip, like segments poorly-oriented relative to the regional stress field, areas with
velocity-strengthening behavior, and portions not initially stressed close to static frictional
failure. We note that Models 1-4 all include R¢=0.95, meaning that regardless of the given stress
orientation scenario, any fault segment well-oriented for slip in their respective stress field is
initially stressed close to failure. Under Andersonian extension, for example, more steeply-
dipping normal faults are expected to be stressed to failure and rupture coseismically before their
shallowly dipping counterparts. However, recent evidence from an active multi-fault detachment
system in Baja California suggests well-oriented faults near a low-angle detachment may be
stressed to failure without rupturing seismically until the underlying detachment is critically
stressed (Fletcher et al., 2016).

For the best-documented modern earthquake involving possible LANF slip, the 2010 My
7.2 El-Mayor Cucapah event, Fletcher et al. (2016) proposed that the LANF segment acted
interseismically as the keystone fault, limiting seismic slip on an intersecting network of better-
oriented critically-stressed faults until eventually the poorly-oriented detachment was critically
stressed to failure. Model 3 with nearly critically-stressed conditions in the hypocentral region
generates our largest modeled earthquake and presents unusually large stress drops and
supershear rupture velocities, while our reference model is initially subcritically stressed at
hypocentral depths but generates coseismic surface displacements similar to those recorded
paleoseismically. Thus, our results suggest that LANFs can slip coseismically without being
interseismically critically stressed near their static frictional failure strength. Nonetheless, similar
to the keystone fault model, classically better-oriented detachment segments and neighboring
normal faults would be stressed closer to failure than the shallowly-dipping parts of the Mai’iu
fault in the Andersonian extensional stress field of the reference model.

Our models suggest that LANFs are dynamically viable under common crustal loading
conditions, yet they do not fully resolve the perplexing scarcity of large earthquakes with well-
resolved low-angle normal-sense focal mechanisms in the modern instrumental record (Jackson
& White, 1989; Collettini & Sibson, 2001), for which various mechanical explanations have
been proposed. Wernicke (1995) posited that LANF earthquakes are particularly rare because
these faults typically accommodate relatively slow extension rates (a few mm/yr) and thus host
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only infrequent earthquakes; however, faster extension rates > 1 cm/yr across the Mai’iu fault
(Wallace et al., 2014; Webber et al., 2018; Biemiller et al., 2020b) and the Banda detachment
(Cummins et al., 2020) suggest these LANFs should host more frequent earthquakes.
Nonetheless, paleoseismically recorded recurrence intervals from the Goodenough portion of the
Mai’iu fault range from 482 — 1590 years (Biemiller et al., 2020a). It is plausible that large
LANF earthquakes have not been recorded simply because their recurrence intervals are much
longer than the relatively short instrumental record. Building on the keystone fault model of
Fletcher et al. (2016), Karlsson (2021) proposed that if LANFs typically slip in complex multi-
fault ruptures that involve simultaneous slip on multiple steeply-dipping normal faults, then
seismic signals recorded at the surface may reflect the multi-fault source and result in a higher-
angle composite focal mechanism. Although our dynamic rupture models do not include multiple
faults, they appear consistent with the keystone fault model. Future dynamic rupture and seismi-
cycle modeling of multi-fault detachment systems could test whether dynamic stress effects may
allow the keystone fault mechanism to operate at lower shear stresses, modulating interseismic
slip on neighboring faults but rupturing well before being stressed to critical static frictional
failure levels.

All our models assume that optimally oriented faults are close to critically stressed
(R0=0.95), which may suggest that faults better oriented than the LANF could be activated
earlier in the seismic cycle than the detachment. However, our assumption is in agreement with
the keystone fault model which postulates that high-angle faults cannot host large earthquakes
but bleed off excess shear stress via microseismicity and/or creep. Importantly, multi-fault
dynamic rupture models could explore whether any reasonable loading conditions result in
LANTF ruptures that do not also rupture the more steeply-dipping normal faults nearby, probing
the complex rupture hypothesis for the lack of LANF focal mechanisms.

4.5 Near-surface detachment slip
Our results suggest that active detachment faults can host moderate (M, >7) earthquakes

within Andersonian stress fields and that these earthquakes may not necessarily rupture to the
surface. Near-surface rupture may be impeded by the geometric effect of gentler fault dips, the
stabilizing effect of clay-rich gouges, and/or the interaction of dynamic stress perturbations with
the free-surface above a rupturing normal fault (Nielsen, 1998; Oglesby et al., 1998, 2000;
Aochi, 2018). Additionally, model 4 considered decreased near-surface fault stress and strength
conditions associated with a near-surface reduction of effective static friction fo, testing the idea
that frictionally weak gouge mineralogies may limit the magnitude of interseismic shear stresses
and strains that accumulate around the shallowest parts of these faults, with excess shear stresses
being relieved by shallow interseismic creep. Interseismic creep on the weak shallow portion of a
mature detachment may reduce the effective shear stress there, further limiting its propensity for
shallow rupture. These results are encouraging in terms of the hazard potential of detachments,
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as surface-rupturing earthquakes are commonly the most damaging and tsunamigenic; however,
we note that our models do not include any steeply-dipping splay faults in the hanging wall,
which may be better-aligned for reactivation and generate more coseismic uplift and subsidence
due to their steeper geometry. Future modeling work could assess the hazard potential of
complex detachment systems with splay-faulted hanging walls, while continuous high-resolution
postseismic geodetic monitoring of near-fault displacements following buried rupture of a
normal fault could test whether postseismic stress concentrations drive shallow afterslip updip of
the rupture patch. These targeted exercises could be well-suited for another well-documented
active onshore LANF, the Altotiberina fault zone in Italy, which is monitored by a dense
network of geodetic and seismologic instruments (e.g., Chiaraluce et al., 2014) and exhibits
mixed seismic and aseismic deformation including creep and frequent microseismicity on both
the gently-dipping Altotiberina fault and steeper splay faults in its hanging wall (e.g., Chiaraluce
et al., 2007; Brozetti et al., 2009; Anderlini et al., 2016; Valoroso et al., 2017).

In addition to afterslip or interseismic creep updip of the strongly locked zone, another
process that may relieve shallow interseismic stress on detachments is creep on splay faults in
their hanging walls, although its relative importance is unclear as such subsidiary creep is not yet
geodetically well-resolved. Improved satellite geodetic capabilities of upcoming missions like
NISAR (e.g., Rosen et al., 2017) could start to resolve not only interseismic creep on major
plate-boundary faults but also more detailed patterns of interseismic deformation on and between
minor faults nearby. These new datasets could help constrain the relative role of splay fault creep
in shallow interseismic shear stress accumulation around detachment faults, which our results

suggest could limit shallow coseismic slip and the associated seismic hazard of these faults.

5. Conclusions
Data-constrained dynamic rupture modeling of the Mai’iu fault indicates that

subcritically stressed detachment faults dipping <30° at the surface can slip in My, >7.0
earthquakes under Andersonian extensional stress conditions. Modeled earthquakes
preferentially rupture to the surface along segments dipping more steeply near the surface,
suggesting that the most shallowly dipping detachment segments are more likely to host buried
ruptures that may be complemented by updip afterslip and/or interseismic creep facilitated by
weak, velocity-strengthening clay-rich gouges in the shallow fault zone. At shallow depths,
rupture may be limited by frictionally stable gouges, gentler fault dips, and dynamic stress
interactions with the free surface.
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