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Pore Fluid Pressures and Strength Contrasts Maintain
Frontal Fault Activity, Northern Hikurangi
Margin, New Zealand

Melodie E. French''~' and Julia K. Morgan'

! Department of Earth, Environmental, and Planetary Sciences, Rice University, Houston, TX, USA

Abstract Diverse modes of fault slip occur within shallow subduction zones, but their relationships to
upper plate deformation are poorly understood. IODP Expedition 375 collected samples and data across
the northern Hikurangi margin, where tsunamigenic earthquakes and slow slip events occur. Site U1518
intersected the Papaku fault, a splay fault within the frontal accretionary wedge. To constrain in situ
physical conditions and strength of the system, we conducted isotropic loading and triaxial compression
experiments on hanging wall and foot wall cores and interpreted the results using critical state soil
mechanics theory. The hanging wall is relatively strong, reflecting its tectonic history, whereas the foot wall
and fault are anomalously weak owing to elevated pore pressure (" = 0.3). Critical state in both samples
corresponds to a friction coefficient of 0.6, constraining the strength of the Papaku fault. Low fault
strength, maintained by excess pore pressures, suggests that the Papaku fault may still be active.

Plain Language Summary The greatest earthquake and tsunami hazards occur where one
tectonic plate descends beneath another, known as a subduction zone, In some cases, the plates slip

past one another at a slow continuous pace, and in others, they slip in punctuated bursts that produce
earthquakes and sometimes tsunamis. In northern New Zealand, a segment of the subduction zone known
as the Hikurangi margin experiences a combination of these slow and earthquake-producing slip modes.
However, subduction plate boundaries may never reach Earth's surface, making the effects of their slip
processes challenging to study. The Integrated Ocean Drilling Program (I0DP) conducted two research
cruises to drill boreholes, collect samples, and install instruments along the Hikurangi margin to

better understand how and why the boundary slips. In a suite of laboratory experiments, we measured the
strength of the rock recovered from one of the boreholes. Our results show that the strength is low due

to the presence of high pressure fluids that fill the pore space of the rocks, which enables plate boundary
deformation to propagate to the seafloor, potentially contributing to tsunami-generating earthguakes.

1. Introduction and Geologic Setting

The strength and longevity of faults control the partitioning of deformation within subduction zones,
with fundamental implications for regional seismic hazards (Moore et al., 2007). The character of shallow
fault slip is thought to be controlled by some combination of material properties, extrinsic conditions like
pore fluid pressures, and system geometry (e.g, Cummins & Kaneda, 2000; Lotto et al., 2019; Moore &
Saffer, 2001; Saffer, 2003; Saffer & Wallace, 2015). Although we have made considerable advancements in
understanding fluid pressure environments of shallow accretionary prisms (Bassett et al., 2014; Kitajima,
Chester, et al., 2012; Saffer et al., 2000; Screaton et al., 2002), fewer studies have focused on their mechani-
cal properties (Flemings & Saffer, 2018; Gao et al., 2018; Karig, 1990; Kitajima & Saffer, 2014), which define
the framework for deformation.

The megathrust fault beneath the northern Hikurangi margin hosts diverse modes of slip, including shal-
low slow slip events (S5Es) and tsunamigenic earthquakes (Doser & Webb, 2003; Wallace & Beavan, 2010;
Wallace et al., 2016){ Figure 1a). During Integrated Ocean Drilling Program (I0DP) Expeditions 372 and 375,
four boreholes were drilled along a transect normal to this margin to collect core samples and data (Wallace
et al., 2019). A primary objective was to constrain the physical and mechanical properties and stress regime
of the upper plate to gain insights into the S5E source region.
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Figure 1. Setting of I0DP Expeditions 372 and 375. (a) Bathymetric map (modified Figure 1a of Barnes et al., 20207
We investigate accretionary wedge sediments from drill Site U1518. Dashed black lines show depth to the plate
interface (Williams et al., 2013), solid back lines show slip contours (mm) from a 2014 S5E, and dashed blue and red
lines are the d0-mm slip contours for 2010 55Fs (Wallace et al., 2012, 2016). The blue star is the epicenter of a 1947
tsunami earthquake (Bell et al., 2014; Doser & Webh, 2003), (b) Seismic profile through Site 171518 and parallel to the
transect in {a) (modified Figure Za of Bames et al,, 2020), Structural interpretations were modified by Barnes

et al. (2020} from Rarker et al, (2018) and Saffer et al. (2019), The vellow har shows the magnitude and horizontal
extent of slip during the 2014 SSE {Wallace et al., 2016), and the blue star is the hypocenter of the 1947 tsunami
earthquake (Doser & Webb, 2003; Wallace et al., 2016).

Along this margin, the Hikurangi plateau and ~1 km of sediments subduct beneath an accretionary prism
composed of a 1-2 km thick sequence of accreted hemipelagic mudstones with interbedded sands, silts, and
voleanic ash (Barnes et al., 2020). Site U1518 is located within the frontal accretionary wedge (Figure 1),
and the borehole crossed the Papaku fault, a large splay fault that has accommodated ~6 km of offset and
soles into the underlying megathrust (Fagereng et al., 2019) (Figure 1b). The fault dips landward and was
penetrated at 304-322 mbsf, along with a subsidiary fault located at 351-361 mbsf (Figure 2a). It is not
known, however, whether the fault is currently active and what roles it might play in accommodating plate
CONVergence.

Shipboard porosities, n, at Site U1518 (Saffer et al., 2019) generally decrease with depth, from 0.60-0.70
near the seafloor to 0.40-0.45 just above Papaku fault (Figure 2b). However, porosity then steps up by ~0.05
within the Papaku fault and again within the subsidiary fault. Logging while drilling and regional seismic
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Figure 2. (a) Lithostratigraphy of Site L1518 from Saffer et al. (201%9). Locations of our hanging wall and foot wall
samples are shown with yellow stars (255 and 485 mbsf). (b) The porosities of our hanging wall (blue) and foot wall
(red) samples and shiphoard porosity measurements (dark gray). The average and standard deviation of shipboard
porosity measurements for each core are shown. (c) The effective vertical stress with depth if fluid pressure is
hydrostatic (ﬂ-‘;h, black solid line) and the estimated paleceffective vertical stress with hydrostatic fluid pressure before

the erosion of 200 to 300 m overburden (!, 200-300 m, light gray line). The estimated range ufﬁ:m that could result in

the I'.I'I.E‘BSIJ.I!'E:{PEI values for our hanging wﬁl (blue) and foot wall (red) samples their recovery depths. The estimated
range of &, determined from shipboard porosity measurements for the hanging wall (dark gray) and foot wall (light
gray), (d) "}]r‘le pore fluid pressure factor determined from shipboard porosity measurements in the foot wall and fault
zones (light gray) and our experimental foot wall sample (red).

tomography velocities are consistent with lower porosities in the hanging wall than the foot wall (Cook
et al., 2020; Gray et al., 2019; Saffer et al., 2019). Porosity and velocity variations may reflect variations in
physical conditions or material properties across the Papaku and subsidiary fault zones. Structural observa-
tions showing evidence for significant ductile deformation in the fault zone and foot wall and predominantly
brittle deformation in the hanging wall also indicate variations in physical properties and processes with
depth (Fagereng et al., 2019). Anisotropy of magnetic susceptibility (AMS) fabrics indicate differences in
the strain patterns of the hanging wall and foot wall that may help to explain differences in their physical
properties (Greve et al., 2020).

We investigate the mechanical and pore pressure conditions at Site U1518 to understand the significance of
these variations and their role in partitioning margin deformation. We use rock deformation experiments
in combination with the extensive suite of density and porosity measurements made shipboard to constrain
the rock strength and pore fluid pressure at Site U1518. Deformation experiments were conducted on intact
samples from the hanging wall and foot wall of the Papaku fault and analyzed to estimate the strength
and pore fluid pressure at sample depths. We then use the results of the deformation experiments and the
properties measured shipboard from a larger suite of samples to estimate the strength and fluid pressure con-
ditions with depth through the hanging wall, foot wall, and Papaku fault zone. These results have important
implications for systemn evolution and how plate boundary slip is transferred to the margin toe.
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2. Materials and Methods

We conducted deformation experiments on one hanging wall sample and one foot wall sample recovered
from ~50 and ~160 m above and below the Papaku fault zone, respectively. X-ray diffraction (XRD) patterns
of the two samples are very similar to each other and to nearby samples measured shipboard (Text 51 and
Figure 51) (Saffer et al., 2019). Quantitative analyses of the XRD patterns measured from within 5m of
our samples and from the Papaku fault zone verify the similarities in composition (Table §1). We therefore
infer that any differences in strength and deformation behavior of the experimental samples do not reflect
differences in bulk mineralogy. The initial porosities, n, of our hanging wall and foot wall samples are 0.39
and 0.42, respectively, corresponding to void ratios, e = n/(1 — n), of 0.63 and 0.70 { Text 52).

Deformation experiments were conducted on cores 12.7 mm in diameter and 25-30mm in length. Prepa-
ration of the cores revealed qualitative differences in mechanical properties of the samples. The hanging
wall sample is cohesive and cores were prepared by shaving fragments into a cylindrical shape using a razor
blade. In contrast, the foot wall sample is more compliant and cores were prepared by plunging Cu foil tubes
into the sample, extracting the core, and then opening the foil and trimming the cores to length. All cores
were prepared with their axes parallel to vertical.

We performed two isotropic compression and three triaxial compression tests under drained pore fluid
conditions using a servo-controlled triaxial deformation apparatus (Text 53 and Figures 52 and 53a). For
isotropic compression, confining (o) and pore fluid (Py) pressures were increased in steps of 0.25MPa toan
initial effective pressure (=, — F;) between 1 and 3 MPa. Next, confining pressure was increased to 32 MFPa
at 1 MPa/hour and subsequently decreased at the same rate while pore fluid pressure was held constant
at 1 MPa. This constant stress rate led to a linear strain rate of €, = 3 to 7% 10~7 57!, Triaxial compression
experiments were conducted at constant effective confining pressures of 1 and 5 MPa. The experiments were
conducted by increasing the confining and pore fluid pressures to the initial conditions following the proce-
dure used for isotropic loading. Samples equilibrated for 12 hours and the axial piston was then advanced at
10~* m/s as effective confining pressure was held constant, resulting in an axial strain rate of €, = 6x1077 57!,
until an axial strain of 0.15.

3. Results
3.1. Mechanical Data

Isotropic compression results in a relationship between void ratio and effective pressure that is charac-
teristic of sediment deformation (Figures 3a and 3b) (Bjerrum, 1967). If the sample has been previously
consolidated, deformation is elastic at the lowest effective pressures and becomes plastic with increasing
effective pressure. When effective pressure is reduced, some strain is recovered elastically. The slope of the
line between e and log; (o, = PJ,) is the “elastic compression index,” C,, in the region of elastic deformation,
which we measure during unloading (Figures 3a and 3b). The best fit to the linear region of plastic defor-
mation is the “isotropic compression line,” and its slope is the “plastic compression index,” C,_ (Figures 3a
and 3h). The isotropic compression line provides a relationship between void ratio and effective pressure
during virgin isotropic consolidation. The transition between elastic and plastic deformation is the “isotropic
yield strength,” pj,. We estimate pj, in two ways: as the intersection of linear fits to the elastic and plastic
loading curves in a plot of e versus the log,,(e; — P;), as well as the more elaborate Casagrande method
{Casagrande, 1936). We find that p| is significantly higher for the hanging wall (6.7 + 0.2 MPa) than foot wall
(1.6 +0.3 MPa) sample.

During triaxial compression at 1 MPa effective pressure, the hanging wall sample strain hardened to a peak
strength and then strain weakened to an approximately steady-state strength (Figure 3c). This sample devel-
oped shear fractures in conjugate orientations, which combined with the observed strain weakening is
characteristic of brittle deformation. In contrast, at both 1.2 and 5 MPa effective pressure, the foot wall sam-
ple strain hardened and deformation was distributed, indicating ductile deformation. The yield strength
during triaxial compression was determined as the deviation from linearity during strain hardening. All
samples exhibit net compaction throughout deformation (Figure 3d).

3.2. Strength Envelopes

We interpret the mechanical data using critical state soil mechanics theory, which relates sediment
strength and mode of deformation (brittle or ductile) to its stress history (Figure 4a) (Karig & Hou, 1992;
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Figure 3. The relationship hetween void ratio and effective pressure for isotropic loading of (a) hanging wall and

(b} foot wall samples, The intersection of linear fits to elastic loading and primary consolidation provides an estimate of
the isotropic yield strength [p:r squares). The slope of elastic loading and unloading lines are assumed equal, and
elastic loading is approximated by fitting the slope of the unloading line to the low stress data. This approximation is
necessary as the elastic loading region is limited to very low stresses and thus more difficult to resolve than unloading,
Error bars include uncertainty in the fit and the differences between this and the Casagrande methods

(Casagrande, 1936). The evolution of () differential stress (o — o3 ) and (d) porosity change with axial strain during
triaxial compression tests. Triaxial yield (hollow squares) and critical state (circles) strengths are shown with the same
symhbaols in Figure 4b. Negative porosity change corresponds to compaction. Experimental conditions are in Table 82

Differential Stress (MPa)
Porosity Change (Ev)

Muir Wood, 1991). In this framework, a yield envelope describes the onset of plastic deformation and
has a concave shape in a stress space of differential stress (g = &, — o3) versus effective mean stress
(p" = (&) + 2e3)/3 — P;). Deformation is brittle where the yield envelope has a positive slope and ductile
where it has a negative slope. Yield envelopes expand and strength increases with decreasing porosity, as
occurs during progressive consolidation. For the stress paths of our triaxial compression tests, once the stress
state reaches the yield envelope, strength evolves toward a “critical state” similar to the evolution toward a
steady-state frictional strength in fault mechanics (Figure 53a).

In the triaxial compression experiments, the measured steady-state strengths are critical state strengths
(Figure 3c). A best fit line through the critical state strength of all three triaxial compression experiments
and the origin has a slope of M = 1.25in p’ — g space (Figure 4b); considering the hanging wall and foot wall
rocks separately does not change this result. We use the modified Cam-Clay {(MCC) envelope as a convenient
representation of the yield surface because it is determined only by M and p{, (Roscoe & Burland, 1968); our
experimentally determined M and p|, values allow us to create MCC envelopes for the hanging wall and foot
wall samples (Figure 4h). We note that these envelopes are only approximations for our materials because
the MCC model assumes near-isotropic consolidation, which does not represent the deformation history
at Site U1518 (Muir Wood, 1991). Nonetheless, the derived yield surface for the hanging wall is larger and
illustrates that it is stronger than the foot wall, consistent with its lower porosity.
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Figure 4. (a) Schematic critical state vield envelopes, Higher porosity rocks have a smaller yield envelopes and
consolidation results in self-similar expansion of the envelope, The critical state line separates hrittle (light gray) and
ductile (dark grav) behavior, (b) Measured isotropic (solid squares) and triaxial (hollow squares) yield strengths and
critical state strengths (circles) were determined from the data in Figure 3. The best fit critical state line is g = 1.25p'

(R = 0.99), Strength envelopes for the MCC model Ej—?;, +M? (1 - g) = 0 are shown. (c) The experimentally

determined MCC envelopes for the hanging wall and foot wall and the estimated envelope for the fault zone are shown
(=olid lines) along with the reference vield envelopes expectad if samples consolidated during uniaxial strain with
hydrostatic pore fluid pressure (dashed lines), Circles show the approximate current stress states for the Papaku fault
zone (FZ) and foot wall (FW),
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4. Discussion

The fact that the hanging wall and foot wall samples can be fit with a single critical state line is consistent
with their similar compositions { Figure 4b). However, their different isotropic compression lines suggest that
the materials differ in other ways beyond the amount of consolidation they have experienced. Two effects
may explain why the plastic compression index of the hanging wall sample is greater than that of the foot wall
sample. First, lithification has been shown to increase the plastic compression index (Morgan & Ask, 2004),
and the different methods required to prepare the experimental cores support more lithification of the hang-
ing wall. Second, disturbance of a sample can reduce its plastic compression index (Burland, 1990; Skempton
& Jones, 1944); thus, we cannot rule out that the foot wall sample experienced some disturbance during
drilling. We take these factors into consideration below as we discuss the implications of the hanging wall
and foot wall strengths for the current in situ stress state and deformation history of Site U1518.

4.1. Strength and Pore Fluid Pressure at Site U1518

Sediment that is deposited on the seafloor and consolidates under the weight of overburden is often approx-
imated as having experienced a uniaxial strain path, whereby lateral strain is restricted by the adjacent
sediment and consolidation occurs by vertical shortening (Atkinson & Bransby, 1982; Karig, 1990). To better
understand the first-order deformation history at Site U1518, we use the uniaxial strain path as a reference
and evaluate how the hanging wall and foot wall strengths differ from the predictions of this path under
hydrostatic pore fluid pressure. Published uniaxial consolidation experiments and our own estimates show
that, for uniaxially consolidated sediment, the effective vertical stress, f, , can be approximated from the
isotropic yield strength as p}, < o}, = L.7p) (Text 54) (Casey et al., 2015, 2016; Graham et al., 1983; Muir
Wood, 1991). Our approach is to evaluate =}, estimated from our measurements of pj in the hanging wall
and foot wall and compare these to the predicted in situ effective vertical stress assuming hydrostatic fluid
pressure (g, ) (Figure 2b). We then discuss the tectonic and environmental factors that may have resulted
in differences between the measured sediment strength (represented by o},,) and o} .

For the hanging wall sample, o is 2.8 to 4.7 times greater than o, indicating that the rock is stronger than
expected from burial and consolidation at its current depth (Figure 2b). In contrast, for the foot wall sample,
o, 150410 0.7 times o, indicating that it has experienced a maximum effective stress that is less than the
weight of the overlying sediment with hydrostatic pore fluid pressure (Figure 2b).

Only two experimental samples were available for this study; however, to a first order, we can evaluate
whether the relative strengths of the hanging wall and foot wall are consistent throughout Site U1518 using
the shipboard porosity measurements. To do so, we assume that the isotropic compression lines measured
from the hanging wall and foot wall samples are representative of the hanging wall and foot wall materi-
als, respectively. In addition, given the compositional evidence that the Papaku and subsidiary fault zones
are primarily derived from the foot wall with no evidence for chemical alteration or lithification (Saffer
et al., 2019), we assume that the critical state and isotropic compression lines of the foot wall describe the
fault zones as well. First, we use the isotropic compression lines to calculate pj, as a function of depth from
the shipboard porosity measurements (Figures 2b and 84 and Text S5). We then estimate o, values from
these pj, values (Figure 2c). Despite the considerable uncertainty in o}, estimates using this approach, trends
emerge in both the hanging wall and foot wall.

In the hanging wall, &|, is consistently greater than o}, similar to our experimental hanging wall sample
(Figure 2¢). There are several plausible explanations for this strength. Strengthening can occur because the
present-day mean effective stresses are higher than for uniaxial strain conditions, as expected in a thrust
faulting regime (Karig & Morgan, 1994). In addition, overconsolidation, wherein the sediments previously
experienced higher stresses than exist at present, can cause greater strength than predicted for its depth.
Indeed, between 200 and 300 m of sediment is believed to have slumped away at this site (Saffer et al., 2019),
which could cause overconsolidation (Karig & Morgan, 1994). We estimate the effective vertical stress in
the hanging wall prior to the removal of 200 to 300 m of overburden, however, and find that overconsol-
idation due to erosion does not clearly describe the data (light gray line in Figure 2c). Increased tectonic
loading of the hanging wall earlier in the development of the thrust fault may also have contributed to its
strength, although this effect is more difficult to quantify (Flemings & Saffer, 2018). Finally, some strength-
ening could result from lithification, consistent with the larger plastic compression index of the hanging wall
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(Morgan & Ask, 2004). Because the hanging wall is stronger than predicted for uniaxial consolidation, we
can infer processes that strengthen the rock but cannot estimate the current in situ pore fluid pressure.

In the foot wall and fault zones, o, is consistently lower than o}, , consistent with the experimental foot
wall sample (Figure 2c). The best explanation for this result is that the pore fluid pressure in the foot wall
and fault zones is and has always been greater than hydrostatic. The use of the stress state predicted from
a uniaxial strain condition (a7, ) as our reference is supported by magnetic fabrics recorded in the foot wall
that indicate strain is primarily due to uniaxial gravitational loading (Greve et al., 2020), as well as previous
studies that have shown dominantly uniaxial strain in the foot wall of accretionary splay faults (Karig &
Morgan, 1994). We have assumed here that sediments within both the foot wall and fault zones have followed
uniaxial strain paths, and thus, we can estimate the in situ fluid overpressure from our estimates of pj. We
recognize that the fault zones have not followed a uniadal strain path. Previous work suggests that this
approximation may tend to underestimate the pore pressure in the fault zones (Flemings & Saffer, 2018). In
particular, the fault zone is expected to have lower porosity than the foot wall for the same pore pressure.
As a result, our estimates of 4" within the faults are likely underestimates.

We evaluate pore fluid pressurization using the pore pressure parameter A* = (P, — Py)/(F) = Py) (Saffer &
Tobin, 2011}, where P, is hydrostatic fluid pressure, P, is lithostatic fluid pressure, and Pf- is the in situ fluid
pressure, estimated as the difference between the total vertical stress and our estimates of the effective ver-
tical stress, o], (Text 57). Values of 4" range from 0 to 1 for hydrostatic to lithostatic fluid pressure. In the
foot wall, estimates of 4* are all greater than 0.3 and generally increase toward the fault zones (Figure 2d).
Estimates of 4" from our experimental foot wall sample, on which a direct measurement of p}, was made, lie
between 0.4 and 0.65. The lower bounds of our A" estimates correspond to the upper bound of o, , which
equal to 1.7p); if we take these as conservative estimates of fluid pressurization, the pore fluid factors deter-
mined from shipboard porosity measurements lie between 0.5 and 0.9 within the fault zones. If the foot
wall sample has been disturbed, the estimates of pj, and #|,, may be underestimates, in which case 4" may
be overestimated. Furthermore, although variations in 47 estimates from adjacent samples likely reflect, in
part, uncertainty in their values, our results consistently indicate elevated pore fluid pressures within the
foot wall and fault zones. Given the low strengths of the foot wall and fault zones, the simplest explanation
for the origin of high pore pressures is that they are locally derived due to incomplete consolidation and
drainage of pre-existing pore fluids during burial.

4.2. Papaku Fault Strength

Structural observations of the core at Site U1518 indicate that the Papaku fault zone spans a thickness of
~57 m, with the greatest intensity of deformation within the upper 18 m interpreted as the main fault strand
( Fagereng et al., 2019). The layer-parallel ductile shear fabric within the main fault denotes a mature fault,
controlled by the yield surface of the fault rocks rather than the adjacent wall rocks. Thus, the stress within
the fault zone is assumed to be at critical state, at the top of the MCC yield surface, a condition that is
independent of the stress history of the material {Muir Wood, 1991). Importantly, because the yield surface
is assumed to correspond to constant porosity independent of stress state, we can estimate the critical state
strength in terms of differential stress, g, from our estimates of pf, in the fault zone using shipboard porosity
measurements and our determination of M = 1.25. To do so, we construct a MCC envelope for the fault
gone using the most conservative value of p|, determined from the shipboard porosity measurements of fault
zone rocks (~1.3 MPa) corresponding to lower bound values of 4% (0.5) (Figures 2¢, 2d, and 4c). We see that
the MCC envelope of the fault zone intersects the critical state line at g= 0.8 MPa (Figure 4c). Although
only an estimate given potential uncertainties in the isotropic compression line and use of MCC as the vield
envelope, our results suggest that the maximum possible shear stress along the fault (g/2) may be as low as
0.4 MPa.

Fault strength is often represented using a frictional relation, whereby the friction coefficient, p, is a material
property and the constant of proportionality between shear strength of the fault and the effective normal
stress. Mature faults at steady state obey both this and the critical state relations, and thus, there is a direct
relationship between g and M that is given by g = tan(sin”'(3M/(M + 6))) (Muir Wood, 1991; Rutter &
Glover, 2012}, Our measured value of M = 1.25 results in g = 0.6, A friction coefficient of g = 0.6 is at
the low end of Byerlee frictional strength (Byerlee, 1978) and is likely controlled by composition and the
low effective stresses (e.g., Rabinowitz et al., 2018). Friction coefficient correlates with clay content (Tembe
etal., 2010), and our measured value is similar to that of Nankai prism sediments having similar clay contents
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(Songetal., 20011) and slightly higher than that of Nankai prism sediments with higher clay and phyllosilicate
contents (M = 0.75 to 1.1 and g = 0.35 to 0.52) (Kitajima & Saffer 2012).

The frictional strength of the Papaku fault is not characteristic of a “weak”™ material. However, elevated
pore fluid pressures in the fault zone characterized by A* values approximated between 0.5 and 0.9 from
shiphoard porosity measurements (section 4.1) may permit fault slip at relatively low shear stress. Such low
strength may have enabled the ~6 km of documented displacement along the fault (Fagereng et al., 2019)
and is potentially favorable for present-day slip along the Papaku fault.

5. Conclusions

We conducted deformation experiments on samples from the hanging wall and foot wall of the Papaku
fault, a thrust fault within the frontal accretionary wedge of the Hikurangi margin. We used these results to
interpret porosity with depth profiles across the fault zone at I0DP Expedition 375 Site U1518. We show that
the enhanced strength of the hanging wall is consistent with tectonic loading during its complex history,
likely with some subsequent lithification. In contrast, our results indicate that the foot wall and Papaku fault
are weaker than the hanging wall owing to elevated pore fluid pressures and unaixial strain conditions in the
foot wall. Although only first-order estimates, our results suggest that the fluid overpressure may increase
toward and within the Papaku fault and a subsidiary fault zone, from an estimated pore pressure factor, 17,
of ~0.3 to greater than 0.5. Thus, despite the fact that the critical state (M = 1.25) and frictional (g = 0.6)
strengths of the rocks are not particularly low, the Papaku fault may deform at low shear stress owing to
fluid overpressure. We conclude that these conditions may be generally favorable for ongoing slip along this
frontal thrust.

Data Availability Statement

The experimental data are available at the Rice Digital Scholarship archive (https://doi.org/10.25611/
10pr-5804).
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