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Understanding the distribution of strain along thrust and splay faults in active accretionary systems is 
crucial to understand the mechanical properties of the sediments and the strength of the fault zone 
and its slip behavior. This paper investigates the distribution of strain through sediment compaction 
and texture development across the Pāpaku fault, a major splay fault near the deformation front of the 
Hikurangi subduction margin, New Zealand using the anisotropy of magnetic susceptibility technique 
(AMS). International Ocean Discovery Program Site U1518 penetrated hanging wall, fault zone and 
footwall sequences to a maximum depth of 484.9 meters below seafloor. A total of 330 discrete samples 
was subjected to AMS measurements and magnetic remanence data used to reconstruct the axial 
orientation of each sample in a geographic reference frame. The AMS display distinct fabric differences 
between hanging wall, through the fault zone and footwall domains, demonstrating that strain is 
partitioned across the fault zone. Hanging wall sequences show a strike-parallel northeasterly lineation 
of Kmax and weakly prolate shapes, typical for a component of northeast-southwest lateral shortening. In 
contrast, footwall sequences are more oblate and show a clustering of Kmax in northerly direction. This 
demonstrates that strain in the footwall is dominated by gravitational loading, however a component 
of sub-horizontal east-westerly strain, parallel to the convergence direction of the Pacific Plate exists. 
Strain decoupling between hanging- and footwall sequences occurs near the top of the Pāpaku fault 
zone. Differences in the degree of magnetic susceptibility between footwall sediments incorporated into 
the fault zone, and the underlying undeformed footwall sequences are indicative for the progressive 
dewatering of the underconsolidated footwall sequences.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Subduction earthquakes and tsunami pose a significant haz-
ard to coastal communities around the Pacific (e.g. Moore et al., 
2011). Seismological and geodetic information have established 
that subduction zones host a range of slip styles, including de-
structive megathrust- and tsunami earthquakes, but also aseis-
mic slow-slip earthquakes (e.g. Fagereng et al., 2019; Wallace et 
al., 2016). The interrelation between non-destructive earthquakes, 
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stress build-up and release is not fully understood yet. In particu-
lar it is not known what role splay- and shallow subduction thrust 
faults play in the propagation and release of seismic energy. For in-
stance, while a recent seafloor geodetic study (Wallace et al., 2016) 
demonstrated that slow-slip earthquakes can propagate all the way 
to the trench, it is yet unclear whether they occur within the shal-
lowest parts of the accretionary system.

Key to understanding the slip behavior is to understand how 
stress and strain are distributed across shallow thrust faults (e.g. 
Stipp et al., 2013; Kuehn et al., 2019b). Studies that aim to recon-
struct type and distribution of strain within accretionary prisms 
often overlook the effect of ductile strain and texture develop-
ment in the soft sediments. This is particularly significant close 
to the trench, where the soft and porous sediments of the in-
coming plate are accreted, tectonically deformed, compacted and 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Tectonic setting of the study area. (a) General overview of the northern Hikurangi subduction margin and the New Zealand plate boundary zone (inset), bathymetric 
map of the northern Hikurangi subduction margin, main thrust faults, and the location of IODP Site U1518. Also displayed is the relative plate convergence vector. (b) Sim-
plified interpretation of a seismic cross section of the frontal accretionary wedge near the drilling transect of IODP Expedition 375. Modified from Fagereng et al. (2019), 
seismic velocity model of Barker et al. (2018). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
dewatered. During these processes, grains with a shape anisotropy 
in the mostly clay-rich sediments tend to rotate from an initial, 
usually bedding parallel fabric alignment towards an alignment 
predominantly of face-to-face contacts perpendicular to the prin-
cipal shortening direction (Kanamatsu et al., 2012; Parés, 2015; 
Kuehn et al., 2019b). The sediment fabrics yield information about 
the tectonic deformation regime during early accretion in a three-
dimensional reference frame. It also controls the physical and hy-
drological properties of the sediment and consequently seismo-
genic behavior (Morgan et al., 2007).

One possible explanation why the localization and partitioning 
of strain across subduction thrust faults is not fully understood yet 
is that widespread ductile deformation processes are difficult to 
observe and quantify. Anisotropy of magnetic susceptibility (AMS) 
arises from the preferential alignment of minerals, which is often 
dominated by the clay minerals in sediments. The AMS tensor ef-
fectively measures the eccentricity of shape of the magnetic ellip-
soid from which the directions and distribution of three principal 
axes of magnetic susceptibility can be determined (Kmax > Kint > 
Kmin). These can help to define the degree, type and direction of 
weak strain in sediments (see for example Parés, 2015). AMS stud-
ies have successfully been applied to understand the distribution 
and direction of strain in modern (Housen et al., 1996; Housen 
and Kanamatsu, 2003; Yang et al., 2013; Ujiie et al., 2003; Kita-
mura et al., 2010) and extinct (Kanamatsu et al., 1996, 2001, 2012) 
accretionary systems, and in fold and thrust belts (e.g. Kuehn et 
al., 2019a).

In this study we use the AMS method as proxy for strain at Site 
U1518 of International Ocean Discovery Program (IODP) Expedition 
375 in a three-dimensional geographic reference frame. This site 
sampled the Pāpaku fault, a shallow and active thrust fault near 
the deformation front of the Hikurangi subduction margin (New 
Zealand). A more detailed picture of the distribution and decou-
pling of strain in the fault zone will improve our understanding of 
what role shallow subduction thrusts faults play in the evolution 
of young accretionary prisms.

2. Geology

The Hikurangi margin is the site of oblique convergence be-
tween the Pacific and Australian Plates. It is located offshore the 
eastern coast of the Central North Island in New Zealand (Fig. 1a). 
The relative convergence rates between the Pacific and Australian 
plates decreases from 48 mm/yr in the North to 43 mm/yr in the 
South, where the plate boundary zone transforms into transpres-
sional with the most prominent Alpine Fault along the South Island 
of New Zealand (Fig. 1a; Wallace et al., 2004). IODP Expedition 
375 Site U1518 targeted the Pāpaku fault, a major frontal thrust, 
ca. 6.5 km from the deformation front of the northern Hikurangi 
margin (Wallace et al., 2019; Barker et al., 2018, Fig. 1b). At this 
site, the accretionary system is largely tectonically erosional and 
characterized by an over-steepened frontal slope. Geodetic instru-
mentation showed that at this site, the plate interface is subjected 
to periodic creep (e.g. Wallace et al., 2016). There is also evidence 
for a range of seismic styles in the past, including two tsunami-
producing earthquakes which occurred in 1947 (Barker et al., 2018; 
Bell et al., 2014).

IODP Expedition 375 recovered sediments from the incoming 
plate and accretionary sequences on the overriding plate of the 
Hikurangi subduction margin, with the aim to better understand 
the material properties and mechanics that govern a range of seis-
mic and slip styles found at this plate interface. Site U1518 pene-
trated a shallow thrust fault within the hanging wall of the accre-
tionary prism, in a region which is known to host both tsunami-
producing and slow-slip earthquakes (e.g. Fagereng et al., 2019; 
Wallace et al., 2016, 2019; Barker et al., 2018). Drill-cores were 
recovered from two holes. Hole U1518E penetrated sediments be-
tween the seafloor and 175.6 meters below seafloor (mbsf) using 
the Advanced Piston Coring (APC) and Extended Core Barrel (XCB) 
coring systems. Hole U1518F penetrated sediments between 197.7 
and 484.9 mbsf using the Rotary Core Barrel (RCB) system. Addi-
tional logging-while drilling (LWD) datasets were recovered dur-
ing precursor IODP Expedition 372 from Holes U1518A (0-117.8 
mbf) and Holes U1518B (ca. 50-600 mbsf), both of which are lo-
cated within 35 m from Holes U1518E and U1518F. The lithology 
throughout the recovered sequence consists of Pleistocene silty-
clays and muds that alternate with coarser silt and sand- (tur-
bidite) beds. Lithologic unit classifications are largely based on the 
frequency of turbidite deposits and will not be further discussed in 
this paper (Wallace et al., 2019). Three major structural domains 
of the Pāpaku fault were sampled. The hanging wall (0-304 mbsf) 
shows signs of internal folding with intact bedding and localized 
zones of pervasive fracturing. At ca. 300 mbsf Holes U1518B and 
U1518F penetrate the top of the fault zone. The boundary be-
tween hanging wall and fault zone is marked by a sharp transition 
from coherent bedding, to pervasively brittlely and ductilely de-
formed fault zone rock (Fagereng et al., 2019). The deformation 
style is localized and variable. In many cases, brittle features such 
as fracturing and brecciation overprint zones of pervasive ductile 
shearing and flow banding. Most of the deformation is localized 
within two strands, which were defined as a “main brittle fault 
zone” between 304.5 and 322.4 mbsf, and a “subsidiary fault zone” 
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between 351.2-361.7 mbsf (Wallace et al., 2019). The intervening 
zone (322.4-351.2 mbsf) has experienced lower intensity deforma-
tion and intact bedding remained in localized zones (Wallace et al., 
2019).

Biostratigraphic observations identified an age inversion near 
the top of the fault zone, suggesting that hanging wall sediments 
are older and fault- and footwall sediments younger than 0.53 
Ma (Wallace et al., 2019). This is supported by a transition from 
bedding which predominantly tilts in northeast (NE) – southwest 
(SW) direction in the hanging wall, to shallow (tilt angle 10-20◦) 
northerly (N) to northwesterly (NW) directed bedding tilts which 
predominate both fault zone and footwall. The footwall, which in 
this setting remains situated within the hanging wall of the accre-
tionary system is tectonically largely undeformed. Some domains 
with visible distortion and flow structure were interpreted as grav-
ity driven mass transport deposits. These distorted domains are 
interbedded with intervals of intact strata, the latter of which were 
sampled for this study (Wallace et al., 2019).

3. Methods

A total of 330 oriented cube samples were collected from 
working-half sections by pushing 7 cm3 plastic cubes into the sed-
iment (refer to Wallace et al., 2019 for sampling methods). Visible 
core-disturbance, mass transport deposits or localized deforma-
tion features were avoided during sampling. AMS measurements 
were conducted using an AGICO (Type KLY-4) Kappa Bridge at the 
Japan Agency for Marine-Earth Science and Technology (JAMSTEC) 
in Yokosuka, Kanagawa, Japan. Subsequently the samples were sub-
jected to stepwise Alternating Field (AF) demagnetization along 3-
axes up to 80 mT using a horizontal 2-G SQUID passthrough cryo-
genic magnetometer which is equipped with an in-line degausser. 
The corrected degree of magnetic anisotropy Pj, the shape factor T, 
for which values T > 0 suggest oblate and T < 0 prolate shaped 
fabrics, and the inclinations of the three principal axes of magnetic 
susceptibility, Kmin, Kint and Kmax were calculated from the prin-
cipal susceptibilities (Kmax > Kint > Kmin) (Jelinek, 1981). Due to 
the absence of continuous bedding markers or other features that 
would allow to re-orient core-material with the aid of resistivity 
logs, remanence directions were used to restore the orientation 
of core-material. The re-orientation procedure assumes that the 
recovered sediments acquired their remanence in a geocentric ax-
ial dipole (GAD) field, and the sample declination measurements 
were used to determine the orientation of each individual sam-
ple in respect to geographic North (see for example Kanamatsu et 
al., 2012). Averaged over long time-scales Earth’s magnetic field 
resembles that of a GAD. It is noteworthy however that each in-
dividual sample produces a spot reading of the ambient magnetic 
field at the time the sample remanence was acquired. Secular vari-
ation records for the last 15,000 years in New Zealand describe 
swings in declination that range in their extremes from 33.5◦ W 
to 26.0◦ E (Greve and Turner, 2017). While the scale of secular 
variation in New Zealand further back in time is not well known, 
this provides a first order constraint on the orientation inaccuracy 
to be expected. Further error may be introduced during determi-
nation of characteristic remanence directions: Specimens usually 
showed demagnetization trajectories that were affected by perva-
sive drilling induced overprints in the coercivity range from 0-15 
mT. Further, treatment with a static alternating field of 35 mT or 
more usually resulted in the acquisition of a strong gyroremanence 
(see for example Hu et al., 2002; Wallace et al., 2019). Straight-
line demagnetization trajectories towards the origin were usually 
identifiable only in a narrow interval between 20 and 30 mT. To 
avoid systematic biases caused by gyroremanence acquisition, we 
thus opted to use the remanence declinations measured at the 20 
mT demagnetization step. This approach can introduce a significant 
error, in particular in samples that carry multiple component re-
manences. In this case, any primary remanence carrier was proba-
bly entirely replaced by diagenetically formed iron-sulfide minerals 
(e.g. greigite, section 4.1) and the use of a single demagnetization 
step following removal of drilling induced overprints considered 
the most reliable approach. Further discussion of these demag-
netization results will also be detailed in a future contribution. 
To aid the identification of the magnetic minerals, and to iden-
tify whether any downhole trends in the rock magnetic properties 
affected the interpretation of the AMS data, further rock mag-
netic experiments were conducted on a smaller number of samples 
at the Center for Advanced Marine Core Research, Kochi Univer-
sity (Nankoku, Kochi, Japan). After initial AF demagnetization of 
the natural remanent magnetization (NRM), anhysteretic remanent 
magnetization (ARM) was imparted in a direct current bias field 
of 50 μT and a peak alternating field of 80 mT. Selected samples 
were subjected to stepwise partial ARM (pARM) acquisition (with 
an alternating field from 5 to 80 mT). Hysteresis properties (satu-
ration magnetization Ms, saturation remanent magnetization Mrs, 
coercivity Bc and remanent coercivity Bcr) were measured on dry 
powder samples at room temperature using a Princeton Measure-
ments Corporation vibrating sample magnetometer (VSM) with a 1 
T saturating field. First-order reversal curves (FORCs, Pike et al., 
1999) were measured on evenly spaced samples (every ∼10 m 
stratigraphic interval wherever possible, averaging time: 100 ms, 
field increment: 2 mT, number of FORCs: 150, Bu from -60 to 60 
mT and Bc up to 150 mT). FORC diagrams were processed using 
the FORCinel software (Harrison and Feinberg, 2008).

4. Results

4.1. Magnetic mineralogy

AMS measures the bulk fabric of dia-, para- and ferromagnetic 
minerals in a sample and it is difficult to assess the contributions 
of different mineral phases to the bulk signal. It is thus important 
to understand the presence of paramagnetic fabric, as well as the 
grain-size, composition and distribution of ferromagnetic minerals 
in a sample. Downhole rock magnetic parameters, including mag-
netic susceptibility and natural remanent magnetization (NRM) are 
displayed in Fig. 2 together with five AMS Units that we define 
below.

The natural remanence (NRM) and magnetic susceptibility show 
little variation throughout Site U1518. NRM intensities are about 
0.001 A/m (Fig. 2c) and the bulk susceptibility is low and ranges 
from 1 to 2 x 10−4 SI (Fig. 2c). With few exceptions, and an in-
terval below 460 mbsf, all samples from AMS Units II, III, IV and V 
(197.7 to 494.9 mbsf) yield coercivities (Bc) in the range of 50 mT 
(Kars et al., 2019). In AMS Unit I (0 to 156 mbsf), the coercivity 
alternates in intervals between values around 20 mT and higher 
values around 50 mT (Kars et al., 2019). Representative hystere-
sis, FORC and ARM acquisition curves for high coercivity and low 
coercivity samples are displayed in Fig. 3. FORC diagrams of high 
coercivity intervals (Fig. 3a) are characterized by closed contours 
with a mean coercivity of ∼60 mT and pARM acquisition curves 
show a wide distribution of coercivity, with all of the samples 
being dominated by magnetic mineral phases with coercivities of 
30 mT or more. This signature is typical for samples that contain 
single domain (SD) greigite as remanence carrier (Roberts et al., 
2006). Common occurrence of greigite throughout Site U1518 sam-
ples was inferred from shipboard measurements which showed 
gyroremanence (GRM) acquisition (Wallace et al., 2019). For low 
coercivity samples, the FORC diagrams have contour lines with a 
triangular shape and a mean coercivity < 20 mT with a tail up 
to 100 mT. We suggest that these diagrams are caused by the 
presence of single domain (SD) to multidomain (MD) sized low 
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Fig. 2. Down-core profiles of (a) lithology, (b) concentration of clay minerals in the bulk sediment, (c) remanence intensity (blue) and mean magnetic susceptibility measured 
for each individual sample (gray), (d) porosity, (e) corrected degree of anisotropy (Pj), (f) the magnetic shape factor (T), (g) inclination of the three principal axes of AMS, 
(h) bedding dips recorded on axially unoriented core-material, (i) AMS units defined in this paper. In Figure (d-f) we also display the running average, calculated in one 
meter increments and including all datasets within ten meter segments, for each AMS Unit respectively (black line). For a description of the datasets recorded in a, b, d and 
h refer to Wallace et al. (2019).
coercivity magnetic mineral phases (likely (Ti-)magnetite) (Mux-
worthy and Dunlop, 2002; Roberts et al., 2000), although it can 
not be precluded that SD greigite is present as well.

Comparison between the high-field susceptibility or high-field 
slope in hysteresis curves with the low-field, or mean susceptibil-
ity (Km) measured on discrete cube samples allows to estimate the 
total contribution of ferromagnetic minerals to the bulk magnetic 
susceptibility. Prior to slope correction, hysteresis loops are domi-
nated by a strong linear trend (Fig. 3), and paramagnetic minerals 
dominate the signal. Our calculations showed that in AMS Units 
II, III and IV, V the high-field susceptibility differs by ca. ± 15% 
from the bulk susceptibility. Somewhat larger differences of up to 
± 50% were measured on some samples from AMS Unit I. Differ-
ences in the sample size used (2 x 2 cm cube vs. capsule for VSM 
measurements), fabric alignment in the discrete cube samples and 
instrument used may contribute to differences in the calculation 
of the net contribution of ferromagnetic minerals in samples. Nev-
ertheless the results demonstrate that although the ferromagnetic 
minerals are contributing to the mean susceptibility, the magnetic 
susceptibility is dominated by paramagnetic minerals. These obser-
vations are also supported by bulk powder XRD analyses (Wallace 
et al., 2019) which found that the clay mineral content (smectite 
+ illite + chlorite + kaolinite) ranges from ca. 35-53% throughout 
the recovered sequence and averages to ∼45% (Fig. 2b). The low 
susceptibilities and the total clay mineral content fall well into the 
range expected for a mudstone, for which the susceptibility mea-
sured is often dominated by paramagnetic fabric (e.g. Parés, 2015).

4.2. AMS and AMS Unit classification

Throughout most of the sequence the AMS ellipsoids yield low 
to moderate degrees of anisotropy (Pj) that range from 1.01 to 
1.08, and the shape factor (T) predominantly yields positive val-
ues, which indicates predominantly oblate shapes. The down-core 
distribution of the corrected degree of anisotropy (Pj) and T, and 
the inclinations of the principal axes of magnetic susceptibility, to-
gether with bedding tilt data and the shipboard core-description 
allows to define five distinct AMS units that largely coincide with 
the main structural domains, including the hanging wall, fault zone 
and footwall (Figures 2 and 4; Wallace et al., 2019).

4.2.1. Hanging wall (AMS Units I, II, III)
We subdivide the hanging wall into three AMS Units. AMS Unit 

I (0-156 mbsf) forms the upper hanging wall and is dominated by 
gentle, NE bedding tilts that range from ca. 10◦ to 45◦ . In this unit, 
Kmin dominantly yields vertical (or steep) inclinations, while Kmax
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Fig. 3. Representative rock magnetic results for (a) the predominant, high-coercivity intervals in AMS Units I, II, III, IV, V and (b) isolated low coercivity intervals within 
AMS Units I and V. Displayed are magnetic hysteresis loops prior to and following slope correction (left), pARM acquisition (right) and FORC diagrams (bottom). See text for 
details.
and Kint yield shallow inclinations in the range of 5◦ to 20◦ . Some 
variation is likely related to disturbance of the soft and unconsoli-
dated sediment in this unit during the recovery of piston cores (for 
a discussion of drilling disturbance in piston cores refer to Snow-
ball et al., 2019; Wallace et al., 2019). At 156 mbsf, the baseline of 
Pj increases from ca. 1.017 to 1.02 and we define this as the bound-
ary between AMS Units I and II. Between 175.6 and 197.9 mbsf is 
a coring gap. The mid hanging wall (AMS Unit II) is characterized 
by steep bedding tilts (ca. 35-60◦) in NE and SW direction with lo-
calized zones of overturned bedding (Wallace et al., 2019). In this 
unit, the inclinations of Kmin and Kint are distributed more widely. 
At ca. 275 mbsf, there is a major fold-hinge zone that is charac-
terized by fractured and pervasively deformed fold limbs (Wallace 
et al., 2019). Within this zone the shape factor T of the AMS ellip-
soids measured indicates triaxial to prolate magnetic fabrics. Here 
we define the boundary to the lower hanging wall, or AMS Unit III 
(275-304 mbsf), in which beds tilt moderately (ca. 15-40◦) in NE 
direction and the inclinations of the three principal axes of suscep-
tibility are similar to those of AMS Unit I, where Kmin tilts steeply, 
while Kmax and Kint are close to horizontal (ca. 0-30◦).

Re-orientation of the AMS tensors allows to compare the direc-
tional distribution of the three principal axes of magnetic suscep-
tibility. Throughout the hanging wall Kmax cluster in NW and SE 
direction. In AMS Unit I Kmax and Kint fall are distributed about 
the bedding plane, while Kmin is perpendicular to bedding. In AMS 
Units II and III the Kmin axes form a girdle around Kmax (Fig. 4). 
Here it is noteworthy that the re-orientation of the AMS ellipsoids 
within AMS Unit II is subjected to higher uncertainty due to the 
steeper bedding tilts. Further, variable or overturned bedding in NE 
and SW direction would have resulted in a fold axis perpendicular 
dispersion of the Kmin directions in this unit.

4.2.2. Fault zone (AMS Unit IV)
We define the boundary between AMS Units III and IV to co-

incide with the upper strand of the Pāpaku fault (Fagereng et al., 
2019) at 304 mbsf. The baseline in Pj in the fault zone is with 1.04 
only slightly higher than in AMS Units II and III, but within the 
fault zone it shows a wide dispersion with values ranging from 
1.02 to 1.08 (Figs. 2, 4, 5) and shape parameters indicating mostly 
oblate but also some prolate shapes. A direct correlation between 
the degree of anisotropy and the presence of mesoscopically visible 
deformation features within the main brittle and lower subsidiary 
fault zone is not apparent (Fig. 4, 5). Bedding tilt data recovered 
within the 60 m thick fault zone indicate gentle (ca. 10-15◦) NW 
tilts. Following re-orientation, the principal axes of susceptibility 
indicate, on average, a bedding parallel foliation, where Kmin is 
perpendicular to bedding, while Kint and Kmax fall into the bed-
ding plane. However, while the upper strand of the Pāpaku fault 
displays Kmax directions that predominantly fall in SW direction, 
the intervening, weakly deformed zone (322.4-351.2 mbsf) displays 
a northward (N) lineation, similar to the footwall (AMS Unit V, sec-
tion 4.2.3; Fig. 5).

4.2.3. Footwall (AMS Unit V)
The top of the footwall at 361 mbsf (AMS Unit V) is marked 

by an increase in the porosity from ca. 45% to ca. 50% (Wallace et 
al., 2019, Figure 2d). At this boundary the value of Pj decreases 
sharply from ∼1.04 to ∼1.018 and subsequently increases with 
depth. Footwall sediments dip gently N and show only minor visi-
ble deformation (Wallace et al., 2019). In contrast to hanging wall 
sediments, AMS measurements on the footwall sediments display 
a foliation dominated fabric, in which Kmax and Kint display sim-
ilar values, while Kmin is clearly distinct. Following re-orientation, 
Kmax forms a cluster in N-direction.

5. Discussion

5.1. Strain partitioning between hanging- and footwall sequences of the 
Pāpaku fault

The AMS data discussed in this paper are largely coherent 
with structural observations and porosity measurements made on 
core-material (Wallace et al., 2019; Fagereng et al., 2019). Com-
mon observations include: (i) a bedding parallel magnetic foliation 
throughout most of the sequence, (ii) the predominance of more 
extensively deformed, prolate-type fabrics in the region of a major 
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Fig. 4. AMS Units and lower hemisphere projections for the principal axes of mag-
netic susceptibility, approximate bedding plane(s) estimated for each unit from the 
shipboard interpretations of downhole resistivity image logs (center) (Wallace et al., 
2019).

and visibly deformed fold hinge zone in the hanging wall (sec-
tion 4.2.1), (iii) a clear correlation between different AMS shape 
ellipsoids and the main structural domains, (iv) a decrease of the 
corrected anisotropy degree Pj at the top of AMS Unit V, which is 
coherent with a sharp increase in porosity at the same depth.

During the interpretation of the magnetic fabrics one needs 
to keep in mind that the contribution of differing ferro- and 
paramagnetic mineral phases to the AMS ellipsoids is not fully 
known. A clay mineral content of 45% and the overall small dif-
ference between the high-field and bulk magnetic susceptibility 
measured indicate that the alignment of paramagnetic clay min-
erals, dominate the shape of the AMS ellipsoids measured. It is 
likely that the ferromagnetic minerals, such as greigite enhance 
or counteract the fabric produced by the clay minerals. Their to-
tal contribution is subject to composition, quantity, orientation and 
magnetic grain-size of the ferromagnetic minerals in each sample 
(see for example Aubourg and Robion, 2002). Rock magnetic mea-
surements (Kars et al., 2019) display a largely coherent signature 
that is characteristic for the presence of SD-sized greigite through 
AMS Units II, III, IV and Unit V (above 460 mbsf), and we suggest 
that the sudden differences in the orientation of the principal axes 
of susceptibility between neighboring AMS Units likely reflect on 
differences in the depositional and deformation regime. In contrast, 
a larger scatter found within AMS Unit I (Fig. 2) may be associated 
to variable contributions of ferromagnetic minerals to the magnetic 
susceptibility measured. Previous studies have demonstrated that 
in horizontally settled, clay-rich sediment the AMS tensor tends 
to display bedding parallel oblate ellipsoids in which the Kmin
axes cluster in a direction that is perpendicular to bedding. Di-
rected sediment flow, for example in mass-transport deposits or 
turbidite systems, can result in an imbrication of the Kmin direc-
tions from a bedding perpendicular orientation (e.g. Novak et al., 
2014). Although we avoided gravity driven deposits during sam-
pling, such depositional processes may have affected the magnetic 
fabric of some samples. Increased horizontal loading and dewa-
tering through burial further increases the degree of anisotropy, 
which is a function of the ratio between Kmax and Kmin (Parés, 
2015). If a sediment undergoes multiple and successive deforma-
tion processes, the clay minerals tend to begin to align in an angle 
to the bedding plane, resulting on average, in a magnetic lineation 
fabric with Kmax aligning with the intersection of the two planes 
that are perpendicular to the direction of maximum compressive 
strain (Hirt et al., 2004; Graham, 1966) or parallel to the stretching 
direction in an extensional setting (Cifelli et al., 2004). In addi-
tion to the determination of the three-dimensional strain, the joint 
analysis of AMS datasets with small-scale, localized brittle-ductile 
deformation features can be used to better understand the distri-
bution of strain (e.g. Housen et al., 1996).

The AMS fabric described in this paper demonstrate a dis-
tinct difference of the deformation character and orientation of 
the principal strain axes between hanging wall, through the fault 
zone and footwall of the Pāpaku fault. It is remarkably similar 
to the strain distribution found across the décollements of the 
Japan Trench system (Yang et al., 2013), the Nankai accretionary 
prism offshore Muroto (Ujiie et al., 2003; Owens, 1993; Taira et 
al., 1992) and the Barbados accretionary margin (Housen et al., 
1996). In all three settings, the authors describe fabric that de-
picts trench-perpendicular sub-horizontal shortening within the 
accretionary prism (here: hanging wall), which is decoupled by a 
strongly deformed décollement zone from weakly to moderately 
deformed, mostly underthrust sediments that are characterized by 
oblate shaped deformation ellipsoids in which Kmax and Kint are 
distributed randomly in the bedding plane. Similarly, hanging wall 
sediments at IODP Site U1518 show a roughly strike-parallel, NW-
SE lineation of Kmax, in which horizontal shortening through tex-
ture development occurred simultaneously with tilting. While the 
AMS ellipsoids of the hanging wall sediments are weakly prolate 
and core-descriptions also identified folding and locally pervasive 
fracturing in this domain, the sediments of the footwall are largely 
undeformed (Wallace et al., 2019) and clearly dominated by a sub-
horizontal, oblate magnetic fabric. In contrast to AMS and fabric 
studies from the Nankai, Tohoku and Barbados accretionary sys-
tems however (Morgan and Karig, 1995; Housen et al., 1996; Yang 
et al., 2013; Ujiie et al., 2003; Owens, 1993), the Kmax directions 
of footwall sequences form a cluster in dip (N) direction. From 
these AMS results we infer that although gravitational loading 
dominates the fabric development in the footwall, a component of 
sub-horizontal strain in E-W direction exists, probably in response 
to further deformation within the accretionary sequence sampled 
below the Pāpaku fault.
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Fig. 5. Downhole variations in (a) AMS units, (b) the corrected degree of anisotropy Pj, (c) the declination of Kmax, (d) the declination of Kint in core-coordinates and (f) the 
distribution of the three principal axes of magnetic susceptibility for the upper strand of the Pāpaku fault zone between 304.5 and 322.4 mbsf, the center of the fault zone 
between 322.4 and 351.2 mbsf, and the lower strand of the Pāpaku fault zone between 351.2 and 361.7 mbsf. (e) Conceptual model of fault zone deformation and dewatering 
discussed in this paper.
The orientation of the principal strain direction in the footwall 
is thus oblique to the strain ellipsoid inferred from the AMS mea-
surements within the hanging wall sequence and the main brittle 
fault zone. We propose that the sediment fabrics formed in re-
sponse to the partitioning of oblique and margin parallel plate 
motions. Paleomagnetic directions were used to determine the ax-
ial orientation of the samples, and the distribution of the principal 
axes of susceptibility is thus likely to reflect a combination of 
strain and vertical axis rotations. East of New Zealand, the rela-
tive motion of the Pacific Plate in respect to the Australian Plate 
is southwest and thus oblique to the trench (e.g. Townend et al., 
2012; Barnes et al., 1998). At the drill-site the Pacific Plate is 
subducting roughly in W direction beneath the Australian Plate 
(Wallace et al., 2004, 2019). The margin parallel (N-S) motion is 
thought to be largely accommodated by dextral strike-slip fault-
ing within the overriding Australian plate (e.g. Beanland et al., 
1998). This interpretation is supported by the GPS velocity field 
(e.g. Wallace et al., 2004), focal mechanisms on the plate interface 
(Townend et al., 2012; Webb and Anderson, 1998) and structural 
mapping on-shore (e.g. Beanland et al., 1998). Furthermore, bore-
hole breakouts in the footwall of Site U1518 at depths > 500 mbsf 
are elongated N-S which indicates that the present-day maximum 
horizontal stress within the lower accretionary system is also ori-
ented E-W (Wallace et al., 2019). At the drill-site, the underthrust 
footwall yields magnetic deformation ellipsoids that reflect the 
prevalent convergence vector (E-W) of the subducting Pacific Plate. 
In contrast, lateral shortening of the sediments in the hanging wall 
is oblique to the margin and accommodates, in effect, transcurrent 
strain of the overriding Australian Plate. Because in this setting the 
footwall is located within the accretionary system, these results 
provide unequivocal evidence for the decoupling of margin paral-
lel and oblique strain components along the shallow thrust fault 
and during evolution of the accretionary prism. Because it is diffi-
cult or impossible to unravel strain histories based on unoriented 
drill-cores, little information is available to-date on the strain dis-
tribution across young subduction thrust faults. Hence, our results 
may significantly further our understanding of the development of 
young accretionary prisms.
5.2. Strain variation across the Pāpaku fault zone, their implications for 
sediment dewatering and pore-fluid distribution

Pore fluids, their migration pathways and pressure distribution 
are known to have a major impact on the formation of sedimen-
tary fabric, the architecture and the frictional stability of fault 
zones (e.g. Skarbek and Saffer, 2009; Saffer, 2015). In active ac-
cretionary margins where porous, water-rich sediments are com-
pacted it is thought to have a major impact on the slip behavior 
(e.g. Morgan and Karig, 1995; Moore and Vrolijk, 1992; Skarbek 
and Saffer, 2009; Saffer, 2015). Localized zones of sediment flu-
idization within the Pāpaku fault zone (Fagereng et al., 2019) indi-
cate that the pore-fluid pressure across the fault zone is high. This 
indicates that the dewatering of the sediments during compaction 
and tectonic fabric development plays an important role in the 
evolution of the fault zone. Trapped fluids in clay-rich sediments 
hamper the collapse of pore-space and shape preferred orientation 
of the grains (see for example Yang et al., 2013; Morgan and Karig, 
1995; Skarbek and Saffer, 2009; Housen et al., 1996; Parés, 2015). 
The degree of magnetic anisotropy developed by sediments in and 
beneath décollement zones is thus directly linked to the distribu-
tion of pore fluids (see for example Yang et al., 2013).

As discussed in section 5.1, the change in shape and orienta-
tion of the AMS ellipsoids occurs abruptly at the top of the upper 
main brittle fault zone (Figs. 4, 5), which provides evidence for the 
fact that this fault zone acts as a decoupling horizon. The orien-
tation of the principal axes of magnetic susceptibility within the 
upper main brittle fault zone depicts a significantly different de-
formation regime within this zone than the over- and underlying 
sequences. In contrast, samples from the less pervasively and duc-
tilely deformed remainder of the fault zone (∼322.4-361.7 mbsf) 
display similar magnetic shape ellipsoids as the footwall sequence. 
This observation supports interpretations of Fagereng et al. (2019), 
which suggest that the central part of the fault zone is part of the 
footwall sequence and thus experienced a similar strain history, 
prior to faulting. Remarkably however, the porosity and corrected 
degree of anisotropy (Pj) throughout the fault zone remain largely 
consistent with the hanging wall. A small decrease in Pj in the up-
per footwall coincides with an increase in porosity (Fig. 2c).
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Numerous authors (e.g. Morgan and Karig, 1995; Skarbek and 
Saffer, 2009; Housen et al., 1996) discussed the importance of brit-
tle structures as fluid conduits in clay-rich sediments. We propose 
that in this setting, the upper main brittle fault zone acts as a 
primary conduit for the pore-fluids released during underthrust-
ing and underplating (Fig. 5e). This allows drainage and essentially 
the fabric development within the central “weakly deformed” part 
of the fault zone that exceeds the one of the footwall sequences 
beneath. Elevated fluid pressure within the upper strand of the 
Pāpaku fault likely contributes to the decoupling of strain between 
hanging- and footwall.

Limited sample material does not allow us to draw conclusions 
about the predominant compressive shortening direction within 
the subsidiary fault zone, i.e., whether the predominant principal 
strain direction differs from the footwall. Nevertheless, shipboard 
core descriptions found that this fault zone is dominated by duc-
tile deformation features with fewer brittle structures than what is 
present within the main fault zone (Wallace et al., 2019). This in-
dicates lower permeability through the subsidiary fault zone, and 
thus reduces dewatering and fabric development in the footwall 
beneath. The upper footwall can thus be seen as a precursor to 
the central segment of the fault zone, where dewatering has fur-
ther progressed. This spatial difference in clay-mineral fabric and 
permeability likely results in differing frictional stability between 
the two strands of the fault zone.

6. Conclusions

The AMS datasets presented in this paper allow to character-
ize the mineral texture and thus the distribution of strain in soft 
sediments recovered at IODP Site U1518. The site penetrated the 
Pāpaku fault, a major splay fault near the deformation front of 
the Hikurangi subduction margin, New Zealand. The Pāpaku fault 
encompasses a roughly 60 m thick and variably deformed fault 
zone in which the majority of strain is localized within two major 
strands, here referred to as the upper brittle, and lower subsidiary 
fault zones. The AMS results presented in this paper display a clear 
correlation between AMS and the main structural domains, includ-
ing hanging wall, fault zone and footwall sequences. Hanging wall 
sequences are dominated by a bedding-parallel foliation with a 
variable degree of superimposed horizontal strain in NE-SW di-
rection. In contrast, the footwall sequences depict a significantly 
different deformation regime in which Kmax forms a cluster in N 
direction, which is indicative for weak E-W oriented lateral short-
ening. We propose that this distribution reflects the partitioning 
of margin parallel and oblique strain components. The AMS fabric 
changes abruptly at the top of the main brittle fault zone, sug-
gesting that it acts as a decoupling horizon which is enhanced by 
the migration of fluids that are released by the compaction of the 
porous and water-rich footwall sediments within the fault zone 
and beneath.
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