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ABSTRACT

Relative to more mature fault zones, immature fault zones that have accumulated smaller total
displacement are characterized by less efficient strain localization and more complicated earthquake
ruptures. How differences in maturation are reflected in regional-scale upper-crustal fracturing is not
well known. Recently, complicated earthquake ruptures associated with immature fault zones, such as
the 2016 Kaikoura earthquake in New Zealand, have occurred in areas that are in regional proximity
(<100 km away) to more mature faults. Here we examine whether inefficient strain localization in less
mature fault zones is associated with a broader distribution and anomalously elevated concentration of
fractures over distances of tens of kilometers. We use regional seismic arrival-time tomography in a broad
area around the Kaikoura earthquake to investigate lateral variations in Vp and Vp/Vs. Focusing on the
extensively faulted but compositionally uniform Torlesse-Pahau terrane in the Marlborough region where
the earthquake occurred, we attribute lateral variations in Vp and Vp/Vs to differences in concentration
of fluid-filled fractures. Using numerical models relating seismic velocities and fracturing, we solve for
the lateral variation in concentration of ~0.01 aspect ratio fluid-filled fractures. We find that areas near
the Kaikoura rupture have >3% elevated fracture porosity compared to the adjacent area to the north.
The elevated regional fracturing in the Kaikoura area is interpreted to result from more distributed
deformation, and broader distribution of earthquakes, due to inefficient localization of strain from a
regionally uniform strain rate field, highlighting the relationship between relative maturity of upper-
crustal fault zones and lateral variability of regional upper-crustal properties.

Plain language summary:

When earthquakes occur in immature fault zones (areas that have accumulated small total displacement),
they tend to rupture multiple poorly developed faults of diverse orientations. In contrast, more mature
fault zones are associated with more developed, smoother faults and more localized earthquake activity.
How these differences in maturation are reflected in the regional distribution of fractures is not well
known. Here we use the arrival times of P and S waves from earthquakes to constrain seismic velocities
(Vp and Vp/Vs) and use numerical models to relate seismic velocities to fracture concentration. We focus
on the Marlborough region of the South Island, New Zealand, where immature fault zones recently
ruptured during the 2016 Kaikoura earthquake but which also has more mature fault zones <100
km away. We find elevated fracture concentrations (3% higher fracture porosity), indicative of more
distributed deformation along immature fault zones relative to more mature fault zones. In immature
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settings, fracturing is not as effectively localized along individual fault traces, leading to a broadly

distributed fracture network.

Published by Elsevier B.V.

1. Introduction

The growth of major faults that span 100s of km is thought
to start from the interaction and coalescence of microfractures,
where initially broadly distributed microfractures localize into
faults, which then subsequently coalesce to form through-going
fault zones and regional fault systems (Reches and Lockner, 1994;
Cowie et al., 1995). The impact of maturation of individual major
faults on crustal structure for distances less than one hundred me-
ters from the fault is reasonably well understood: increased offset
leads to smoothing of fault traces, decreased off-fault deformation,
and a more localized geometry of strain accommodation along the
main fault (Kim et al., 2004; Faulkner et al., 2010; Dolan and Har-
avitch, 2014). However, how this maturation process is manifested
in the regional upper crustal structure further from the fault, for
example the distribution of fractures over distances of tens of kilo-
meters from faults, is not well known.

The maturation of major faults is typified in the Marlborough
region of New Zealand, where older faults have accumulated larger
displacements (e.g. Little and Jones, 1998) and subsequently tend
to have simpler geometries (e.g. Rattenbury et al., 2006) and less
off-fault deformation (e.g. Zinke et al., 2015) than their less ma-
ture counterparts. The more mature faults tend to be located in
the northern portion of the Marlborough region (Little and Jones,
1998). In contrast, the southern portion of the Marlborough re-
gion is characterized by less mature faults, such as the faults that
ruptured during the 2016 Kaikoura earthquake. These faults have
diverse orientations, complicated fault traces, and are hypothesized
to be associated with elevated concentrations of over-pressured
pore fluids (Hamling et al., 2017; Litchfield et al., 2018; Ulrich et
al., 2019; Sibson, 2020). The lateral variation in fault zone maturity
within the broad Marlborough region makes it an ideal setting for
investigating the effect of maturation on regional crustal structure.

A common way of understanding the differences in regional
structure over tens of km is through interpretation of varia-
tions in seismic velocities, specifically Vp and Vp/Vs. However,
interpretations based on Vp and Vp/Vs are complicated by non-
uniqueness. Variations can be due to differences in lithology/com-
position (Zandt and Ammon, 1995; Christensen, 1996; Shillington
et al.,, 2013), fracturing (Takei, 2002; Kim et al., 2019b), fluid pres-
sure (Eberhart-Phillips and Reyners, 1997; Hudson, 2000), or a
combination of the above (Thurber et al., 1997; Zhang et al., 2009).
Moreover, although these factors can vary independently, they also
may be correlated. For example, the distribution of fault damage
can be composition-dependent (e.g. Williams et al., 2016).

Here we use regional earthquake seismic tomography to con-
strain the regional Vp and Vp/Vs structure of the Marlborough
region, leveraging the differences in accumulated fault offset of
major faults to understand the associated impact of the process of
maturation on regional crustal structure. In order to limit the role
of composition as a source of velocity variation, we take advantage
of the known basement structure to focus on only one broadly dis-
tributed lithology, the graywacke/metagraywacke of the Torlesse-
Pahau terrane, limiting plausible interpretations of velocity vari-
ation. We map the regional variation of fracturing concentration
via quantitative modeling of the effect of fluid-filled fractures on
seismic velocity (Kim et al.,, 2019a), relating our interpretations of
correlated Vp and Vp/Vs variations to the evolution of fracturing
during the associated fault zone maturation process.

-42.00°
o
(\)9
o
o
Torlesse-Pahau - metagraywacke
Torlesse-Rakaia- metagraywacke
® Broader N.Terrains
@ Buller Pluton
® Melange
® Schist I -43.00°
I —

Fig. 1. Overview of the broader Marlborough region. Major faults (black lines) are
labeled with slip rates (for the Hope and Clarence faults) and accumulated slip (for
the Awatere and Wairau faults) (Knuepfer, 1992; Little and Jones, 1998). Red lines
show the surface rupture of the 2016 Kaikoura earthquake (Litchfield et al., 2018).
Regions are color-coded based on estimated basement lithology (Rattenbury et al.,
2006). Orientation of maximum horizontal compression direction, from Haines and
Wallace (2020), shown by bold black arrows. Inset shows regional setting in New
Zealand.

2. Background
2.1. Regional setting

Here we highlight the regional basement structure in the
northeastern portion of the South Island of New Zealand. Al-
though the basement composition does, in general, vary lat-
erally across the South Island, the composition is largely uni-
form within the Marlborough region and is characterized by a
graywacke/metagraywacke composition referred to as the Torlesse-
Pahau formation (Fig. 1) (Rattenbury et al., 2006). Minor deviations
in composition from the graywacke do exist, including transitions
to basalts, mudstones, and conglomerates; however, the unit has
no consistent younging direction and there is a near uniform meta-
morphic grade (Rattenbury et al., 2006). Therefore, we consider
these variations in composition within the Torlesse-Pahau terrain
to be negligible in the context of this study, in which interpre-
tations are on the broad scale of tens of kilometers. We focus
specifically on Vp and Vp/Vs variations within this unit, capitaliz-
ing on the relative uniformity of the unit to exclude compositional
variability as the source of lateral variations in seismic velocity.
A similar approach has been used in magnetotellurics studies to
exclude composition as a main driver of lateral variability in resis-
tivity in the Marlborough region (Wannamaker et al., 2009).

The broader Marlborough region is juxtaposed between sub-
duction of the Pacific plate beneath the Australian plate to the
northeast and transpression along the Alpine Fault to the south-
west (Fig. 1) (Walcott, 1998). The evolving tectonic setting in Marl-
borough is reflected in overall right-lateral transpression extending
across numerous, mainly NE-SW oriented faults. The region ex-
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periences a near uniform shear strain rate, with broad shearing
throughout Marlborough extending down to the Alpine fault to
the southwest (Haines and Wallace, 2020). Within the Marlbor-
ough region, the direction of maximum contraction is oriented
approximately WNW, oblique to the regional faults (Haines and
Wallace, 2020). The bulk of the relative plate motion between
the Pacific and Australian plates in this region is accommodated
by transpression-induced strike-slip and thrust motion along the
Marlborough faults, as opposed to along the underlying subduc-
tion interface (Bibby, 1981; Walcott, 1998; Bourne et al., 1998a).

Within the upper crust, the broader Marlborough region is
characterized by several major NE-SW trending faults: from north
to south, the Wairau, Awatere, Clarence, and Hope faults (Fig. 1).
These sub-parallel faults represent varying degrees of maturity.
Broadly, the region to the north is characterized by more mature,
well-developed faulting, whereas the region to the south is char-
acterized by less mature faulting. The farthest north and most ma-
ture Wairau fault has accommodated most of the relative motion
transferred by the Alpine fault (Yeats and Berryman, 1987; Walcott,
1998; Little and Jones, 1998). The lateral variability in maturation
has consequences for the state of the crust. For example, compari-
son of the Wairau and Awatere faults reveals that the more mature
Wairau fault is associated with more localized slip and a narrower
region of off-fault deformation on scales of hundreds of m (Zinke
et al.,, 2015).

Recently, the 2016 Kaikoura earthquake occurred along less
mature faults in the southern portion of the Marlborough region
(Fig. 1). This earthquake represents one of the most complex earth-
quakes ever recorded, rupturing multiple faults (>20) across a rel-
atively broad area, and apparently not rupturing the adjacent Hope
fault (Hamling et al., 2017; Litchfield et al., 2018) (Fig. 1). The
rupture occurred in a region characterized by high fluid concen-
trations as well as elevated fracture/fault density (Eberhart-Phillips
and Bannister, 2010; Ulrich et al., 2019; Sibson, 2020; Eberhart-
Phillips et al., 2021).

2.2. Crustal fluids in the Marlborough region

Fluids are thought to play a critical role in active tectonic
systems, particularly in earthquake processes. Elevated pore-fluid
pressures lower the effective normal stress, enabling earthquake
rupture at lower differential stresses (Rice, 1992; Sibson, 2020).
With lower differential stresses required for rupture, the likeli-
hood increases that any individual, non-optimally oriented fault
can rupture (Okada et al., 2019; Sibson, 2020). As a result, compli-
cated rupture patterns with diverse, non-optimally oriented fault
orientations, such as those observed at Kaikoura, are commonly as-
sociated with the presence of fluids (Sibson, 2020). Without these
fluids, higher effective normal stresses would inhibit rupture of
non-optimally oriented faults, leading to rupture of faults with a
more optimal orientation.

Studies of fault zones routinely find evidence for fluids in both
the brittle upper-crustal layer as well as in shear zones at depth
(McCaig, 1988; Rice, 1992; Faulkner et al., 2010). Upper crustal flu-
ids are distributed both within the fault core, along the high per-
meability broader damage zone (Faulkner et al., 2010), and within
the lower permeability surrounding crust (Rice, 1992). These flu-
ids are either (a) supplied from below through ductile shear zones,
with sources ranging from metamorphic and magmatic reactions,
sediment dewatering, or fluids rising from the mantle, or (b) sup-
plied from above via meteoric water (Kerrich, 1986; McCaig, 1988;
Rice, 1992). In the Marlborough region, near Kaikoura, fluids are
thought to result from mechanical dewatering and breakdown of
clay as well as slab dehydration (Eberhart-Phillips and Reyners,
1997; Eberhart-Phillips and Henderson, 2004; Wannamaker et al.,
2009; Okada et al.,, 2019). The distribution of fluids within the
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broader crust is, in general, controlled by a combination of loca-
tions of sources of fluids, crustal permeability, and proximity to
faults (Rice, 1992).

The presence of fluids has been inferred around the Marlbor-
ough region from a number of different observations: (1) in the
mid-to-lower crust, elevated Vp/Vs, lowered Vp, lowered Q, and
elevated conductivity of weakened crust beneath major strike-slip
faults indicates the presence of crustal fluids, likely from slab dehy-
dration (Eberhart-Phillips and Reyners, 1997; Eberhart-Phillips and
Henderson, 2004; Wannamaker et al., 2009; Okada et al., 2019;
Eberhart-Phillips et al., 2021); (2) in the Kaikoura region at upper-
crustal depths, elevated crustal conductivity suggests mechanical
dewatering, breakdown of clays, and increased concentration of
fractures (Wannamaker et al., 2009); (3) upper-crustal faults that
ruptured during the Kaikoura earthquake are largely sub-optimally
oriented to the regional stress field and are also associated with
anomalously elevated Vp/Vs, both of which are thought to indicate
the presence of fluids (Eberhart-Phillips and Bannister, 2010; Sib-
son, 2020); and (4) dynamic rupture simulations of the Kaikoura
earthquake suggest the presence of overpressured fluids (Ulrich et
al., 2019).

3. Methods and results

Our dataset includes >103,000 P arrivals and >33,000 S-P
times (S arrival time - P arrival time for a given station/event
pair). The dataset is based on the Henrys et al. (2020) earthquake
and active source dataset, with the addition of arrival times from
Kaikoura aftershocks (Lanza et al,, 2019) and other regional earth-
quakes (Fig. 2). For the addition of Kaikoura aftershocks, we com-
bined stations in the Kaikoura region from the Disaster Prevention
Research Institute (DPRI) temporary network (Okada et al., 2019)
with stations from the Lanza et al. (2019) dataset (Fig. 2). To de-
termine arrival times and associated uncertainties for the merged
Kaikoura aftershock dataset, we used REST, an iterative arrival-
time picking and event relocation algorithm, after the approach
of Lanza et al. (2019). For the addition of regional earthquakes,
we included events from the GEONET catalog that occurred in
2019-2020, a period when upgraded monitoring enabled better ap-
praisal of earthquakes and their associated picks, leading to fewer
mispicks and hence better locations. The improved quality of the
2019-2020 picks, relative to prior earthquakes, was confirmed by
our quality control analysis described below.

To assess the suitability of these additional earthquakes for to-
mographic inversion, we plotted record sections of the data, with
corresponding arrival times and synthetic picks (estimated arrival
times based on an initial 3-D velocity model from Henrys et al.
(2020) and initial event locations). We ranked each event based
on the clarity of arrivals. Any event that was not temporally iso-
lated (e.g., there were arrivals from 2 different local/regional events
arriving within <20 s of each other) was discarded. Finally, we
assessed whether the synthetics indicated that the event arrival
times were correctly associated with the event. In particular, we
only included events for which synthetic arrival times for the ini-
tial event hypocenters and initial velocity model were visually ac-
curate on average to within a few seconds of the observed picks.
This limits the inclusion of badly mis-picked and mis-associated
data.

Arrival times were inverted using a modified version of
simul2000 (Thurber and Eberhart-Phillips, 1999; Eberhart-Phillips
and Reyners, 2012), solving for both Vp and Vp/Vs as well as earth-
quake locations and origin times. We used a 3-D starting model
based on the Henrys et al. (2020) final model but interpolated
onto a finer grid in the region of Kaikoura aftershocks. The model
had a minimum grid spacing of 5 km and 10 km in the X (NW-SE)
and Y (NE-SW) directions, respectively, in the region surrounding
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Fig. 2. a) Map of the study region, with regional faults shown as black lines and faults ruptured during the Kaikoura earthquake shown as red lines. Seismic stations included
in the inversion are shown as blue and green triangles, with green triangles indicating DPRI seismic stations. Model nodes are shown as black dots. Inset shows New Zealand,
with the red box outlining the map location. b) Plot of the distribution of earthquakes colored by depth (circles) as well as active sources (yellow squares). (For interpretation
of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 3. Plots of Vp and dVp (Vp relative to a 1-D Vp regional average; see equation in lower right of dVp plots) at 3, 8, and 15 km depths, highlighting the Kaikoura region.
Faults are as in Fig. 1. The Kaikoura region is characterized by, on average, anomalously low seismic velocities. The only area with lower seismic velocities is located offshore.

the Kaikoura aftershocks with spacing increasing away from the
Kaikoura area (Fig. 2a). Using an L-curve, damping was selected
to provide a substantial reduction in data misfit without excessive
changes in velocity. To avoid overfitting the data, we performed
only three iterations. Because our high-quality starting model al-
ready included substantial velocity heterogeneity required to fit
the previous data set, the inversion yielded a 27% reduction in P
data variance (final variance of 0.0342 s2) and 9% reduction in S-
P data variance (final variance of 0.1583 s2) with respect to the
3-D starting model, resulting in a final weighted RMS residual of
0.219 s compared to a starting weighted RMS of 0.249 s in the 3-D
starting model.

The final velocity models of Vp and Vp/Vs show several notable
anomalies (Figs. 3 & 4). We present perturbations relative to a 1-D
regional average, enabling easy visual comparison of relative veloc-
ity variations at different depths (3, 8, and 15 km below sea level),
as well as absolute velocity, to enable correct physical interpre-
tation. The region that ruptured during the Kaikoura earthquake is
generally characterized by anomalously low Vp and elevated Vp/Vs,
with approximately —1 km/s Vp and +0.1 Vp/Vs perturbations
relative to the 1-D regional average (Figs. 3, 4, and S1). These per-
turbations transition towards +1 km/s Vp and —0.08 Vp/Vs over
lateral distances of ~50 km (Figs. 3, 4, 5, and S1). Although the
amplitudes of perturbations at 3-15 km depth are relatively uni-
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Fig. 4. Plots of Vp/Vs and d(Vp/Vs) (Vp/Vs relative to a 1-D Vp/Vs regional average; see equation in lower right of d(Vp/Vs) plots) at 3, 8, and 15 km. Faults are as in Fig. 1.

We see anomalously elevated Vp/Vs values in the Kaikoura region.

form, the absolute velocities are not, due to the general increase
in Vp with depth. For example, at 3 km depth, the Kaikoura region
anomalies represent absolute values of ~4.5 kmy/s for Vp compared
to values of ~5.5 km/s at 8 km depth.

Regional variations in velocity extending beyond Marlbor-
ough and the Torlesse-Pahau terrane compare well with regional
changes in basement geology and crustal structure (Fig. 1, 3, and
4). Previous tomographic studies have shown that some of the New
Zealand faults are associated with large differences in across-fault
velocities, owing to a juxtaposition of rocks of differing lithol-
ogy and hence different seismic velocities across the faults (Ellis
et al.,, 2017). For example, the velocity difference in both Vp and
Vp/Vs across parts of the Wairau fault at 8 km depth (Figs. 3 and
4) is attributed, in part, to changes in composition crossing from
the graywacke/metagraywacke of the Torlesse-Pahau terrain to a
high-grade schist (Fig. 1) (Eberhart-Phillips and Reyners, 1997).
Similarly, variations in Vp and Vp/Vs in the southwestern portion
of the study area correspond approximately with the transition
from the Torlesse-Pahau terrain to compositionally different ter-
rains (Figs. 1, 3, and 4). (Eberhart-Phillips and Reyners, 1997)

We focus on seismic velocity variations within the Torlesse-
Pahau formation. There is substantial lateral variation in seismic
velocity within this unit despite the relatively uniform composi-
tion, with lateral variations in Vp of >1.5 km/s and in Vp/Vs of
>0.15. In Fig. 5, we plot average dVp and d(Vp/Vs) (perturbations
with respect to the 1-D average seismic velocity model) relative to
distance from faults ruptured during the Kaikoura earthquake, only
including regions within the Torlesse-Pahau formation, finding an
approximately linear increase in dVp and proportional decrease in
d(Vp/Vs) over distances of 50 km. The ratio between the amplitude
of the Vp and Vp/Vs perturbations is ~10:1, a result that synthetic

tests indicate is resolvable given the data coverage (Figs. S2 and
S3).

We employ two techniques to understand sources of tomo-
graphically-resolved lateral variations in Vp and Vp/Vs in the
Torlesse-Pahau formation: (a) we combine existing laboratory data
on seismic velocities of different rock types (Okaya et al., 1995;
Christensen, 1996) with known geologic structures (Rattenbury et
al., 2006) to understand plausible variation in velocity from com-
positional differences due to both different lithologies and physical
alteration of graywacke/metagraywacke, and (b) we use a numer-
ical modeling technique to understand the impact of fluid-filled
fractures on seismic velocity (Kim et al., 2019a). We elaborate on
the numerical model below.

The numerical technique takes a starting medium and adds el-
lipsoidal fluid-filled inclusions of a given aspect ratio, yielding an
effective medium that describes the seismic velocities as a func-
tion of fluid-filled inclusion volume fraction (Vp (¢), % (¢)) for a
given aspect ratio inclusion, where ¢ is fluid-filled inclusion vol-
ume fraction (Mainprice, 1997; Kim et al., 2019a). The results of
the numerical forward model can be used to solve for the fracture
concentration (fluid-filled inclusion volume) required to explain
our recovered seismic velocities assuming all velocity variation re-
sults from fracturing. In the simplest form, at small volume frac-
tion, Vp (¢) and % (¢) can be written as:

aVp

Vp(@)=Vp(¢®=0)+ ryy 0] (1)
¢ lp=0

Vp _Vp _ 3%

V—S(¢)—V—s(¢—0)+ 20 ¢=0¢ (2)
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Fig. 5. Plot of a) dVp and b) d(Vp/Vs) (averaged over 0-15 km depths) as a function of the distance from area ruptured during the Kaikoura earthquake for well resolved
regions within the Marlborough terrain (see (d) for location). c) Plot of dVp relative to d(Vp/Vs) from (a) and (b), with red line showing a slope of —0.1, indicating a 10
times larger variation in Vp compared to Vp/Vs. Areas near the active Kaikoura faults are characterized by lower Vp and higher d(Vp/Vs) in contrast to higher Vp and
lower d(Vp/Vs) far from those faults. d) Inversion nodes (black), including well-resolved nodes within the Marlborough terrain used in (a), (b), and (c) (blue). Distance from

immature faults (x axis in (a) and (b)) represents distance from the purple line in (d).

where Vp (¢ =0) and % (¢ =0) are the velocities of unfractured

rock (assumed to be known), and the derivatives (%M:O and

aV

déf |p=0) are obtained from the numerical modeling. Under the as-
sumption that all the velocity variation results from fracturing, the
tomographically recovered Vp at the ith velocity node is just Vp; =
Vp (¢ =¢;) and % at the ith node is just %i = %(q&:qbi),
where ¢; is the unknown fracture concentration in the vicinity of
the ith node. Equations (1) and (2) therefore represent an overde-
termined set of equations for fracture concentration at a given
node (after assuming an aspect ratio), meaning we can use lateral
variations in Vp and Vp/Vs to map the lateral variations in fracture
concentration (see Text S1 for further information on the inversion
procedure). Similar numerical models have been used to investi-
gate fracturing at mid-ocean ridges as well as melt distribution at

arc volcanoes (Kim et al., 2019b; Paulatto et al., 2019).

4. Discussion
4.1. Comparison to other geophysical studies

Several tomography studies have investigated the broader
Marlborough region. The general tomographic findings presented
here, of lowered Vp and elevated Vp/Vs in the Kaikoura area of
the South Island, have been observed by a number of studies
(Eberhart-Phillips and Reyners, 1997; Eberhart-Phillips and Ban-
nister, 2010; Okada et al., 2019; Henrys et al.,, 2020), and were
previously attributed to accumulated damage over multiple earth-
quake cycles and/or to increased pore-fluid pressures (Eberhart-
Phillips and Reyners, 1997; Eberhart-Phillips and Bannister, 2015).

A 2-D magnetotellurics study, crossing from NW to SE within the
Marlborough region, found upper crustal resistivities that are lower
in the SE portion of Marlborough and higher in the NW (Wanna-
maker et al., 2009). This is consistent with our seismic velocities
if lower Vp and elevated Vp/Vs are correlated with decreased
resistivity, as predicted if both result from fractures filled with
conductive fluids.

4.2. Sources of seismic velocity variability in the Marlborough region

We find a near-linear relationship between Vp and Vp/Vs
anomalies within the Marlborough region, shown in a “heat-map”
plot that represents the number of nodes in given ranges of dVp
and d(Vp/Vs) values (Fig. 6). The amplitude of the respective low
Vp, high Vp/Vs anomalies is found to be approximately propor-
tional to the distance from the faults ruptured during the Kaikoura
earthquake, with lowest dVp and highest d(Vp/Vs) in the Kaikoura
area (Fig. 5). Below we discuss the role of composition and frac-
turing in explaining these observations.

The small role of composition on lateral variations in recov-
ered Vp and Vp/Vs within the Torlesse-Pahau portion of the Marl-
borough region is confirmed by comparison to laboratory ex-
periments for different lithologies and compositions. The high-
est velocities tomographically determined in the Marlborough re-
gion (high dVp/high Vp, low d(Vp/Vs)/low Vp/Vs) match the ex-
pected seismic velocities of graywacke/metagraywacke, the domi-
nant rock type within the Torlesse-Pahau terrain for these depths
(e.g., Eberhart-Phillips et al., 1989; Okaya et al., 1995; Christensen,
1996) (Fig. 6). For example, Christensen (1996) finds Vp of 5.83
km/s and Vp/Vs of 1.71 for pressures corresponding to depths of
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and lowered dVp elsewhere in the Torlesse-Pahau.

~8 km for metagraywacke, which equates to dVp of +0.06 km/s
and d(Vp/Vs) of —0.01 (see Figs. 3 and 4). Okaya et al. (1995)
find a slightly higher Vp of ~6.0 km/s for Torlesse graywacke at
similar depths, yielding a dVp of ~0.23 km/s. While the high-
est velocities correlate well with graywacke/metagraywacke, the
low dVp and high d(Vp/Vs) of the regions near Kaikoura are
not easily explained by any individual composition, nor do these
velocities match other lithologies present in the broader region
(e.g. schist, Fig. 6). Compositional alteration, such as through ser-
pentinization or quartz veins, also cannot explain our observa-
tions. Serpentinization, which can lower Vp and elevate Vp/Vs
(Christensen, 1996), is not geologically plausible at upper crustal
depths in the metagraywacke/graywacke terrain. Solidified quartz
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veins, which could result from filled fractures, can lower Vp, but
would also lower Vp/Vs (Mainprice, 1997) and therefore cannot
explain the observation of elevated Vp/Vs. As no plausible lithol-
ogy or compositional difference can easily explain the low Vp and
high Vp/Vs near the Kaikoura rupture, the velocities likely result
from physical alteration via fracturing of the high Vp, low Vp/Vs
metagraywacke/graywacke.

Based on the evidence of regionally distributed fluids and their
role in the Kaikoura rupture process (Eberhart-Phillips and Reyn-
ers, 1997; Ulrich et al,, 2019; Sibson, 2020), we hypothesize that
the inferred fractures suggested by lateral decreases in Vp and in-
creases in Vp/Vs are fluid-filled. To constrain the distribution of
fractures, we forward model the effect of different aspect ratio
fractures with assumed ellipsoidal shape on the material stiffness
tensor, which we then use to derive the associated seismic veloci-
ties of the medium (Kim et al., 2019a). In addition to varying the
aspect ratio of inclusions, we also vary the concentration of inclu-
sions, yielding seismic velocity as a function of fracture-induced
porosity (¢) (Fig. 7). We find that the observed Vp and Vp/Vs vari-
ations can be jointly explained by variation in the concentration
of fractures with 0.01 aspect ratio (Fig. 7). Such inferred frac-
ture aspect ratios are consistent with aspect ratios determined in
other studies (Crampin, 1986; Peacock and Hudson, 1990; Kim et
al,, 2019a). At a given depth in the Marlborough terrain, we infer
that the areas of highest Vp and lowest Vp/Vs represent regions of
metagraywacke/graywacke with the fewest fractures, whereas the
regions of low Vp and high Vp/Vs represent areas of elevated frac-
ture concentration.

For small fracture concentrations, numerical models show that
the change in the volume of 0.01 aspect ratio fractures corre-
sponds to linearly proportional changes in Vp and Vp/Vs with
respect to unfractured rock (Kim et al., 2019a) (Fig. 7). We use
the convention that dV is a perturbation with respect to a 1-
D average and AVynfractured 1S @ perturbation with respect to the
velocity of unfractured rock. By using inferred velocities for un-
fractured metagraywacke/graywacke and the observed dVp and
d(Vp/Vs) values, we can solve equations (1) and (2) for approxi-
mate fracture concentration (see Kim et al. (2019a) and Text S1).
We use the “heat maps” of dVp and d(Vp/Vs) to infer velocity
anomalies for unfractured rock of dVp = 0.4 km/s and d(Vp/Vs)
= —0.04, approximately the laboratory velocities for unfractured
metagraywacke (Fig. 6) (Okaya et al., 1995; Christensen, 1996). Be-
cause dVp and d(Vp/Vs) are with respect to a 1-D profile that
varies with depth, we are implicitly assuming that the velocity
of unfractured rock varies with depth as well. The choice of a
depth-independent unfractured rock velocity would not change the
lateral variability in fracture-induced porosity but would change
the absolute porosity. We estimate a lateral change of ~3% in
the volume of fractures across the Marlborough region at 8 km
depth, with volume fraction increasing towards the south in the
Kaikoura area, coincident with a region of elevated earthquake
density (Fig. 8; see Fig. S4 & S5 for other depths). A similar ampli-
tude variation in fracture porosity occurring over a few kilometers
is observed using ultrasonic techniques on schist, mylonite and
other laboratory samples from the Alpine Fault and adjacent re-
gions (Simpson et al., 2020).

Diverse processes such as increased fluid over-pressure or mul-
tiple different aspect ratio fractures can change the inferred frac-
ture density. Fluid over-pressure elevates Vp/Vs, therefore leading
to an overestimate of fracture concentration. Whereas most of
the Marlborough upper-crustal faults do overlie a deeper region
of overpressured fluid (Eberhart-Phillips and Bannister, 2010), the
broad region of overpressurization is unable to explain the lateral
differences in observed upper crustal Vp and Vp/Vs near the Marl-
borough faults. Alternatively, recorded observations of dVp and
d(Vp/Vs) can be attributed to multiple different aspect ratio in-
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clusions. For example, rather than appealing to 0.01 aspect ratio
inclusions, one could instead appeal to a combination of 0.1 and
0.005 aspect ratio inclusions, potentially changing the inferred to-
tal fracture concentration by 50% (Fig. S6). However, even though
a combination of 0.1 and 0.005 aspect ratio inclusions changes the
absolute fracture concentration, it does not change the relative lat-
eral variation in fracture concentration, as perturbations in seismic
velocities are linearly related to fracture concentration at the small
volumes found here.

Because the numerical model of fracturing yields a stiffness
tensor that contains information on the directional dependence
of seismic velocities, numerical models can also be used to make
predictions for seismic anisotropy resulting from fluid-filled frac-
tures. Assuming consistent orientation of imposed fractures with
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near-vertical dip, such modeling predicts increases in azimuthal
anisotropy with increases in fracture concentration. Observations
from a shear-wave splitting study find an increase in azimuthal
anisotropy, as measured by delay times, with increases in Vp/Vs
ratio for seismic stations located within the Torlesse-Pahau terrain
(Graham et al., 2020), as expected for fracture-induced anisotropy
(Fig. S7). While a modest portion of this observed anisotropy
may also result from folding and layering of bedding planes,
laboratory-scale samples of unfractured Torlesse graywacke are
nearly isotropic (Okaya et al., 1995), suggesting that a substan-
tial portion of the observed anisotropy is due to fracturing as
opposed to being intrinsic. In order to match delay times using
only 0.01 aspect ratio fracture concentrations (i.e. assuming no in-
trinsic anisotropy), we require that fractures exist only across a
thickness of <3 km (Fig. S8), with these fractures likely occurring
at shallow depths as the anisotropy amplitude does not seem to
depend on earthquake depth (Graham et al,, 2020, and citations
therein). If fractures of a given orientation extended across a larger
depth range, then there would be greater delay times and higher
associated anisotropy (Fig. S8). It is not clear how to reconcile the
inferred fracture porosity from tomography at depths greater than
3 km (e.g. Fig. 8, shown at 8 km depth) with the lack of a corre-
sponding delay time. One potential explanation is that fractures at
depth need not share a consistent orientation, and hence may not
produce an anisotropic signal, and therefore would not be observed
in the shear wave delay times. Another potential explanation is
that the delay times are most sensitive to the last segment of their
ray path (e.g., Rimpker and Silver, 1998).

The above observations and modeling suggest that this region
is characterized by extensive, fluid-filled fracturing, with decreas-
ing fracture content away from the Kaikoura area (Fig. 9). This
pattern was likely developed and fractures accumulated over mul-
tiple seismic cycles and not solely as a result of the 2016 Kaikoura
sequence. While the 2016 sequence did show a temporal veloc-
ity change with decreased velocities near the rupture area, the
decreases were 2 orders of magnitude too small to explain our
observations (Kortink, 2020; Madley et al., 2022). Over geologic
timescales, the crust is evolving as evidenced by the rupture of
several previously unrecognized, immature, developing faults dur-
ing the Kaikoura earthquake (Litchfield et al., 2018). Additionally,
seismic catalogs show that the southern portion of Marlborough
has exhibited extensive, distributed seismicity that has not histor-
ically been observed in the northern portion of the Torlesse-Pahau
terrain (Fig. 8), highlighting how pervasive fractures may accumu-
late in certain regions over geologic time.

4.3. Sources of variability in fracture concentration

Regional variability in fracture concentration is often driven by
the presence and availability of fluids as well as differences in
where and how strain is accommodated. Fluid loss from the un-
derlying Pacific plate may explain the presence and availability of
crustal fluids under the Marlborough faults, which in turn may
facilitate the development of major strike slip faults (Eberhart-
Phillips and Reyners, 1997; Wannamaker et al., 2009). However,
the mechanism does not explain why faults are younger to the
south, nor the broad pattern of inferred upper-crustal fracture
distribution. We therefore consider where and how strain is ac-
commodated, while also acknowledging that regional differences
in sources and volumes of fluid may play a role in fault rupture
and regional fracture evolution.

Collectively, the Marlborough fault system is associated with
a broad region of shear that locally accommodates most of the
relative plate motion between the Pacific and Australian Plates
(Bibby, 1976; Bourne et al., 1998a, 1998b; Ellis et al., 2017; Haines
and Wallace, 2020). Geodetic studies also show that the shear
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strain rate is approximately constant, decreasing only south of the
Kaikoura rupture (Bourne et al., 1998a, 1998b; Lamb et al., 2018;
Haines and Wallace, 2020) (Figs. 9 and S9). This broad region of
near uniform shear is interpreted to be driven by locking of the
megathrust, which in turn may facilitate complex crustal faulting
(Lamb et al., 2018). Regionally elevated fracture concentrations are
not due to increased compression or extension as the areal strain
rate pattern (sum of diagonal elements of strain rate tensor, which
measures the change in area) (Haines and Wallace, 2020) does not
match the inferred spatial distribution of crustal fracturing (Fig.
S9). We conclude that the regional variability in fracture concen-
tration in the Marlborough region is not driven by differences in
where strain is accommodated and are therefore left to investigate
how the strain is accommodated.

How strain is accommodated is likely influenced by a number
of different parameters including: (a) composition, (b) degree of
strain partitioning, and (c) fault zone maturity (Tikoff and Teyssier,
1994; Faulkner et al., 2010; Dolan and Haravitch, 2014). Based on
arguments presented above, we do not consider composition to be
a viable explanation for the variability in style of strain accommo-
dation due to the relatively uniform regional lithology.

The degree of strain partitioning may affect the distribution of
fractures. The local (~5 km scale) surface manifestation of the
observed right-lateral transpressive strain is split between vari-
ous faults such that surface strike-slip motion occurs on the main
faults whereas thrust faulting is located on laterally offset faults
(Nicol and Van Dissen, 2002), leading to a broader distribution of
fractures in areas with higher strain partitioning. Geodetic stud-
ies have inferred a partitioning from strike-slip to thrust faulting
near the seaward extent of the Hope Fault (Bibby, 1981). However
more recent work suggests that substantial contraction, associated
with partitioned thrust faulting, is limited predominantly to the
offshore region northeast of the South Island (Haines and Wallace,
2020) (Fig. S9) and therefore cannot entirely explain our results in
the region.

We examine the influence of fault maturity, including fault age
and total accumulated fault slip, on the distribution of fractures
(see Text S2 for discussion of slip rate). On a geologic timescale,
deformation has only recently transferred to the Kaikoura area,
within the past few million years (Yeats and Berryman, 1987; Wal-
cott, 1998; Little and Jones, 1998). In general, with increased prox-
imity to the Kaikoura area, fault zones young and have smaller
accumulated displacement, decreasing in age from north to south
across Marlborough (Fig. 9). Areas of increased fracturing in our
analysis correlate with increased proximity to the less mature fault
zones (see Fig. 9). These differences in maturation of fault zones
are inferred to impact the extent of fracturing. Well-developed,
more mature fault zones can more efficiently accommodate strain
along individual faults, in contrast to less mature fault zones that
accommodate strain across multiple, distributed faults (Cowie et
al,, 1995). At regional scales, aftershocks from large, complicated
earthquakes in immature settings highlight complex networks of
faults at different scales, that distribute deformation across a broad
region, often extending kilometers away from the main rupture
(Bannister et al., 2006; Eberhart-Phillips and Bannister, 2010; Syra-
cuse et al., 2013; Ross et al,, 2017; Lanza et al., 2019; Shelly, 2020;
Eberhart-Phillips et al., 2021). These aftershocks outline faults that
are, in many cases, oriented obliquely, and sometimes even orthog-
onally, to the main rupture orientation (Ross et al., 2017; Shelly,
2020). Complex earthquakes therefore may be better thought of as
the amalgamation of immature individual faults rupturing together
in a throughgoing earthquake as opposed to a single rupture of a
major fault.

At smaller scales, fault immaturity is commonly associated with
a relative increase in off-fault deformation near individual faults
both within the Marlborough region as well as globally (Dolan
and Haravitch, 2014; Zinke et al., 2015). This correlation persists
even after accounting for the association of fault immaturity with
complex fault geometries, which also increases off-fault damage
(Dolan and Haravitch, 2014). We therefore hypothesize that the
difference in the style of strain accommodation between imma-
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ture and mature fault zones is causing the difference in fracture
concentration, with immature fault zones associated with broadly
distributed, pervasive fractures, at scales ranging from regionally
distributed faulting/fracturing (> tens of km) to individual off-fault
deformation zones surrounding individual faults (>1 m) (Fig. 10).
This elevated fracturing may in turn facilitate the migration of flu-
ids into the upper crust.

A complication to this hypothesis is seen in the relatively mod-
est fracture-induced porosities for the very immature faults south
of the Kaikoura rupture, which should be among the regions of
highest fracturing. It is not clear precisely why fracture-induced
porosity is only modest here, but one plausible explanation is that
the regional maturation is influenced by the tectonic shear strain
rate, which is anomalously low in this area compared to the near-
uniform shear rate of the rest of the Marlborough region (Fig. S9).
Such a change could impact fracture distribution, volume, aspect
ratio as well as fault strain rate. Also, this region is not as well re-
solved (Fig. S3). A thorough analysis of this region is outside the
scope of this paper.

4.4. Relationship between fault zone maturity, fracture distribution, and
fluid distribution

Models of fault formation, growth, and maturation inform the
lateral variation in fracture concentration observed in this study. In
numerical models and laboratory experiments, faults form through
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the interaction and coalescence of microfractures, wherein rocks
initially stressed exhibit a broad distribution of fractures that even-
tually localize to form a through-going fault, with through-going
faults ultimately coalescing to form fault zones (Reches and Lock-
ner, 1994; Cowie et al., 1995). Prior to fault initiation, fracturing
is distributed broadly, yielding no clear evidence where the main
fault will eventually form (Reches and Lockner, 1994). Maturation
of faults continues with increased net fault displacement, leading
to progressive localization of slip along individual fault cores and
smoothing of faults, reducing the number of step-overs per unit
length (Wesnousky, 1988, 2005).

The time evolution of this fault-growth process is inferred to
be represented in the lateral distribution of fractures within the
Marlborough terrain. In this model, fewer overall open fractures
are present in the regions near the mature fault zones, as the
system has efficiently localized deformation along the high-strain
fault core. In contrast, younger, less mature faults with less dis-
placement are rougher and are inefficiently localizing strain along
the fault core, instead allowing for its distribution across a broad
area (Kim et al., 2004; Peacock et al., 2017). This yields both a
broader fracture distribution and increased off-fault deformation
due to increased complexity of the fault geometry (Fig. 10) (Kim
et al., 2004; Faulkner et al., 2010).

The overall complexity of the Kaikoura earthquake rupture re-
flects the relative immaturity of the faults in this area. Similarly,
other complex earthquake ruptures occurring around the globe
are associated with immature, evolving faults, such as the 1992
Landers earthquake, the 1999 Hector Mine earthquake, the 2019
Ridgecrest earthquake, and the 2020 Elazig earthquake (Milliner et
al., 2016; Goldberg et al., 2020; Gallovic et al., 2020). On a more re-
gional scale, comparison between the immature Walker Lane fault
system and the more mature San Andreas system shows the im-
mature Walker Lane to be more complex, with a broader fault
distribution (Wesnousky, 2005).

One assumption of this model is that, as faults mature, the frac-
tures formed during the immature phase of fault evolution tend
to close, fill, or heal over some amount of geologic time. Without
such a process, fractures from the immature stage of fault devel-
opment would continue to exist throughout maturation (Fig. 10).
Fault healing, which is commonly observed after earthquakes, of-
ten results in reduced fracture concentration from processes such
as crack closure, compaction, and healing of microcracks (Morrow
and Byerlee, 1989; Brantley et al., 1990; Sleep and Blanpied, 1992;
Segall and Rice, 1995; Li and Vidale, 2001; Li et al., 2004). It is not
clear which of these processes operate in the Marlborough region.

5. Conclusion

We used P arrival times and S-P arrival time differences from
earthquakes as well as active source data around the Marlbor-
ough region of New Zealand’s South Island to image 3D Vp and
Vp/Vs variations, focusing on the Torlesse-Pahau terrane that en-
compasses the region in which multiple faults ruptured during
the 2016 Kaikoura earthquake. We found anomalously low Vp
and anomalously high Vp/Vs in the Marlborough terrain for re-
gions near the Kaikoura rupture, with higher Vp and lower Vp/Vs
further away from the rupture (to the north). Uniformity of lithol-
ogy within this terrane suggests that the lateral variations in Vp
and Vp/Vs are not due to compositional variations and instead
are due to differences in fracture concentration. Using numerical
models of the effect of fractures on Vp and Vp/Vs and compar-
ing to the imaged Vp and Vp/Vs variations, we infer an increased
fracture concentration in the Kaikoura portion of the Marlborough
region relative to areas further north. We estimate lateral differ-
ences of up to 3% fracture induced porosity difference caused by
~0.01 aspect ratio fractures, favoring the interpretation that re-
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gionally increased fracturing is related to fault immaturity within
the uniformly sheared Marlborough terrain. We infer that the more
mature faults in the north portion of Marlborough efficiently ac-
commodate strain, leading to a lower regional fracture concen-
tration. In contrast, the less mature faults to the south near the
Kaikoura rupture are early in the process of developing and are
associated with higher amounts of off-fault deformation, more ir-
regular and complex fault geometries, and broader, more pervasive
regional fractures.
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