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Abstract

Analysis of incremental slip rates from the four major strike-slip faults of the Marlborough
fault system (MFS) of northern South Island, New Zealand, provides a first-ever record at
the scale of an entire plate-boundary fault system of how relative plate motions are
accommodated in time and space. This record, which spans the past 350—450 m of relative
plate motion and ca. 12-14 ky, demonstrates that the fault system as a whole
accommodates a steady plate-boundary slip rate, with the MFS faults “keeping up” with
the overall rate of relative Pacific-Australia plate motion at relatively short displacement
(10s of meters) and time (10>~10° yr) scales. These results affirm the often-assumed but
until now unproven assumption that the relative plate-motion rate provides a robust basic
constraint on both geodynamical models and analyses of system-level seismic hazard at
these scales. In marked contrast, the incremental slip rates of each of the four main
Marlborough faults are highly variable through time, marked by coordinated accelerations
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and decelerations spanning 4—6 earthquakes and several millennia as the faults trade off
slip to accommodate a steady relative plate motion rate. These results suggest that (a) the
weakest fault in the system will slip faster than average while adjacent mechanically
complementary faults slip more slowly, and (b) that these patterns switch back and forth
through time, likely reflecting reversable changes in the strength (i.e., resistance to shear)
of the individual faults as they collectively accommodate relative plate motion.
Interestingly, the periods of fast slip on the MFS faults exhibit ~20-25 m of displacement,
suggesting that these may record periods of fast slip on a weakened fault/ductile shear zone
that continues until it uses up all locally stored elastic strain energy, thus potentially
approaching local complete stress drop, albeit during a few tens of meters of rapid fault
slip during multiple earthquakes, rather than during a single event. This hypothesis is
consistent with typical earthquake stress drops of ~1-10 MPa and estimates of depth-
averaged crustal shear stress of a few 10s of MPa, such as might be released in clusters of
4-6 earthquakes. These results emphasize the need to analyze the collective behavior of the
entire fault systems, rather than just individual faults, to understand the mechanics of the
system. Moreover, these patterns suggest a potential path forward for more accurate
estimation of time-dependent seismic hazard, with the possible incorporation of current
position of a fault within a fast- or slow/no-slip period into the probability analysis, as well
as a means of potentially estimating crustal shear stress.

1. Introduction

Faults exhibit a wide range of behaviors, ranging from relatively regular earthquake
recurrence in time and magnitude and constant slip rates (e.g., Kondo et al., 2004; Hartleb
et al., 2006; Noriega et al., 2006; Kozaci et al., 2007; 2009; Pucci et al., 2007; Gold &
Cowgill, 2011; Berryman et al., 2012; Salisbury et al., 2018), to highly variable
displacement rates, with prolonged periods of significantly higher seismic activity and
faster slip that span multiple earthquake cycles, followed by periods of relative quiescence
(e.g., Wallace et al., 1987; Friedrich et al., 2003; Weldon et al., 2004; Ninis et al., 2013;
Dolan et al., 2016; Zinke et al., 2017; 2019; 2021; Hatem et al., 2020). The controls on
these behaviors remain poorly understood, and raise a basic question: Are variations in
fault slip in time and space simply random fluctuations in a complex dynamical system
(e.g., Bak & Tang, 1989; Chen et al., 2020; Gauriau et al., 2023), or are there processes
that control these behaviors in systematic and potentially predictable fashion that may not
yet be well understood? The answers to these questions are of fundamental importance to
wide range of geoscience disciplines, from fault mechanics and geodynamics to
probabilistic seismic assessment, earthquake simulations, and prediction science.

Key to addressing these questions is assessment of the behavior of entire mechanically
integrated fault systems. Yet, most paleoseismic studies necessarily focus on individual
faults and sites, and in general detailed, comprehensive data sets encompassing all of the
mayjor faults in a plate boundary are lacking. This knowledge gap is particularly pronounced
at what we view as a critically important displacement scale of 10s to hundreds of meters
that lies between single earthquake cycles typically studied with geodesy and seismology
and the million-year scale constrained by global plate motion models. In this paper, we
discuss our incremental slip-rate results from the main faults that comprise the



Marlborough fault system (MFS) in northern South Island, New Zealand, where Pacific-
Australia relative plate motion in the crust is accommodated primarily along a system of
sub-parallel dextral strike-slip and oblique reverse-dextral faults (Figure 1).

2. Observations

Over the past decade, we have used field- and lidar-based geomorphic mapping of offset
stream channels (Figure 2) together with the newly developed post-IR IRSL luminescence
dating technique (Rhodes, 2015) to document millennial-scale incremental slip rate records
spanning the past 12—14 ka from the four fastest-slipping MFS faults — from N to S, these
are the Wairau, Awatere, Clarence, and Hope faults (Zinke et al., 2017; 2019; 2021; Hatem
et al., 2020). The incremental slip-rate data, collected in a roughly N-S transect
approximately perpendicular to the plate motion direction and encompassing 25 separate
slip rates, indicate that these four faults accommodate most, and arguably almost all,
relative Pacific-Australia plate motion in the crust of northern South Island at this latitude.
Specifically, adding the average latest Pleistocene-Holocene rates for all four faults yields
a collective average MFS slip rate of >~31 mm/yr, indicating that these four faults
accommodate at least 75-80% of the 38-40 mm/yr of relative plate motion (DeMets et al.,
1994; 2010; Beavan et al., 2002; Wallace et al., 2007). This collective MFS slip rate is,
however, a minimum, for two reasons. First, the three southern faults are all relatively
structurally immature (i.e., each has a relatively small cumulative displacement of only
~13-20 km [Sutherland, 1999; Rattenbury et al., 2006; Zinke et al., 2015]), and thus may
be characterized by significant off-fault distributed deformation surrounding the
geomorphically defined fault that may remain unaccounted for and thus result in slip-rate
underestimates (for example, Dolan & Haravitch, 2014 show that for faults with this
cumulative displacement, fault slip measurements may commonly underestimate the total
surface displacement by ~20-35%; although our measurements of large geomorphic
offsets likely encompass much of this off-fault deformation, some distributed surface strain
likely remains unaccounted for in our offset measurements). Second, both the Hope fault
and Clarence fault slip rate sites lie near the edges of transtensional fault stepovers, which
may be characterized by additional, geomorphically undetectable distributed off-fault
deformation associated with these structural complexities that is not included in our dated
offset measurements. This fits with the very slow (<1 mm/yr) slip rates estimated for other
faults in the MFS, although the Porter’s Pass and related faults to the south of the MFS,
including those that ruptured during the 2016 Mw=7.8 Kaikoura earthquake, may
accommodate as much as a few mm/yr (Seebeck, Van Dissen et al. 2022). Thus, the four
main MFS faults we analyzed likely accommodate almost all of the relative plate motion
in the crust of this part of the plate boundary. We note that although these four strike-slip
faults lie above the northwest-dipping Hikurangi plate interface, the plate interface
megathrust fault lies at or below the northwest-deepening, 35- to 50-km-deep Moho
beneath our four study sites at depths ranging from ~35 km beneath the Hope fault study
site to ~45 km beneath the Clarence and Awatere fault sites to ~65 km beneath the Wairau
fault study site (Eberhart-Phillips & Bannister 2010; Eberhart-Phillips et al., 2010; 2014;
Williams et al. 2013).



The incremental slip rate records of the four main MFES faults are summarized in figures 3,
4, and 5 and Table 1. These results provide the most detailed incremental rate record for
all the major faults in a plate-boundary fault system yet generated, and allow us, for the
first time, to “dissect” the distribution of relative plate motion displacements amongst the
major faults that comprise the plate boundary system, providing key constraints on how
plate boundary slip is accommodated in time and space. Several key results are observable
in this compilation.

Most basically, these data demonstrate that over the past 350-450 meters of relative
Pacific-Australia plate motion, the overall rate has been relatively constant throughout the
c. 12-14 ky period of our analysis. In marked contrast to the near-constant total system-
level relative rate, the incremental slip rates of the individual faults have varied
considerably, by as much as a factor of 7x for the Awatere fault, for example, over
displacement increments of several 10s of meters (Zinke et al., 2017). The Wairau and
Clarence faults exhibit similar extreme variations in incremental slip rate spanning multiple
earthquake cycles (Zinke et al., 2019; 2021). Variations in slip rate along the faster-slipping
Hope fault appear more subdued, but as Hatem et al., 2020 noted, this is likely a function
of the fact that the slip-rate increments on that fault generally span large displacements and
numerous earthquakes (e.g., the three oldest Hope fault incremental slip rates span 48 to
71.5 m, relative to most of the 21 other incremental rates, which span <26 m of slip),
averaging over any smaller-displacement/shorter-term accelerations and decelerations in
fault slip that have occurred, whereas the records from the three slower-slipping northern
faults approach earthquake-by-earthquake level detail over much of the past 12-14 ka
(Zinke et al., 2017; 2019; 2021). Our statistical analyses demonstrating the variability of
the incremental slip rate records of each of the MFS faults, and the relative constancy of
the ensemble, system-level rate are summarized in figure 5 and Table 1, and described in
detail in S1 and S2).

Interestingly, the slip-rate variations on these faults do not appear to be random. Rather,
the data reveal patterns of apparently coordinated waxing and waning of incremental slip
rate amongst the four faults. For example, both the Wairau and the Clarence faults
exhibited much faster-than-average slip rates during latest Pleistocene-early Holocene time
(ca. 8-12 ka), bracketed by periods in which they slipped much more slowly, whereas the
Awatere fault between them exhibited the opposite pattern, with a relatively slow slip rate
during the earlier part of the record, and accelerated slip rate during mid- to late-Holocene
time since ca. 8 ka (Figures 3-5; Table 1; S1).

When viewed as a sub-system within the MFS, as shown by the umber curve in figure 4B,
the collective slip rate of the northern three faults was relatively fast during the first half of
the record prior to ca. 5 ka and slowed during mid-Holocene to recent time. The slip rate
of the Hope fault, with an average rate of 15-20 mm/yr, sub-equal to the collective rate of
the three northern MFS faults and 3—4X faster than the individual slip rates of the three
northern faults, has exhibited the opposite pattern, with relatively slow slip at ~13 mm/yr
year during latest Pleistocene-mid Holocene time and much faster average slip at ~19
mm/yr encompassing the past 100 m of fault slip since ca. 5.4 ka (Hatem et al., 2021).



Another noteworthy observation is that the amount of displacement that occurred in each
of the “fast” periods (noted on figure 5) on the MFS faults appears to be similar.
Specifically, of the six fast intervals we documented along these four faults, four of them
resulted from 20-25 m of total displacement (Wairau fault [2.0-4.3 ka and 8.6-10.1 ka];
Awatere fault [4.3-5.2 ka]; Clarence fault [9.0-11.2 ka]; Zinke et al., 2017; 2019; 2021), a
fifth was >17.5 m (Hatem et al., 2020), and the sixth was at least 11 m, and we suspect 23
m (Awatere fault [7.6-8.1 ka, and possibly 5.2-8.1 ka]), although we lack the resolution to
constrain incremental offsets versus earthquake ages over this time interval at that site
(Zinke et al., 2017). Thus, all of these fast intervals seem to have encompassed ~20-25 m
of slip that occurred during multiple surface ruptures, with these fast intervals separated by
millennia-long lulls involving either no or slow fault slip (Figures 3, 4, and 5; Table 1).

3. Discussion

What can these data tell us about how plate boundaries accommodate relative motion on
faults in the crust? Most basically, the constant overall system rate suggests that the faults
are responding to a simple steady-state boundary condition imposed by the relative plate
rate. Moreover, the relative steadiness of the system-wide rate indicates that the fault
system, when viewed as a mechanically integrated whole, “keeps up” with the rate imposed
by the relative plate rate boundary condition at brief (<millennial) time scales and small
relative plate motion displacement scales (<a few 10s of meters).

In addition, the basic constraint supplied by the relatively constant system rate, coupled
with the highly variable incremental rates of the individual constituent faults, leads to the
twin realizations that (a) the variable slip rates on the individual faults that comprise the
MES are driven by processes intrinsic to the system, that is, that originate within the fault
system, and (b) that whatever these mechanisms are, they operate at displacement scales
that are much larger than those of individual earthquakes, and they must toggle back and
forth for individual faults over millennial time scales and a few tens of meters of fault slip,
as shown by the complementary waxing and waning of slip rates on the MFS faults.

These observations suggest that when there are mechanically complementary faults in an
integrated mechanical system such as the MFS, the faults operate in a delicate balance in
which whichever of the faults is less resistant to shear (i.e., “weaker”), the faster that fault
will slip and the more of the overall system-level rate it will accommodate during that
period. Conversely, if a mechanically complementary fault in the system is even slightly
more resistant to shear, it will exhibit a slower slip rate and do less of the overall work
accommodated by the system during that period. This model implies that the MFS faults
are “communicating” across the scale of the entire fault system, likely through some
combination of stress interactions in the brittle upper crust and/or viscoelastic processes
associated with shear along the deep ductile roots of the faults, such that at least one fault
in the system is slipping over short time and displacement scales as the system responds to
the basic boundary condition imposed by the relative plate motion rate.

Perhaps the most curious aspect of this fast-slow incremental slip rate behavior is the
occurrence of the fast periods. Why would one fault continue to slip much faster than its



average rate for tens of meters of slip spanning multiple earthquakes when there are other,
mechanically complementary faults nearby that can accomplish the same work? This
behavior is especially interesting when thought of in terms of stress evolution of the fault.
Specifically, when a fault slips, it redistributes the stress acting on it, leaving a “stress
shadow” that moves the fault farther away from failure, with the shadow deepest along the
rupture plane itself (e.g., Harris & Simpson, 1996; 1998; Harris, 1998). Yet, the
incremental fault slip rates we document for the four main MFS faults demonstrate that
each of these faults has experienced periods of significantly faster-than-average slip that
span multiple earthquake cycles and 10s of meters of fault displacement. If failure stress
on the fault is reduced every time it slips, then how and why could this be so? These
observations require some mechanism(s) that cause the fault to keep slipping faster than
average over multiple earthquake cycles, and place significant constraints on what
mechanisms may be controlling this behavior.

What mechanisms might control such alternating fast and slow periods of slip on individual
faults? We suggest that this behavior likely reflects changes in the strength of the faults
(i.e., their resistance to shear) back and forth through time, such that if a fault that had been
slipping fast strengthens, the other faults in the system become the relatively weaker
elements and begin slipping faster to maintain the constant system-level rate (Figure 5).
For example, Dolan et al. (2007) suggested that the ductile roots of the fault might
gradually strain harden following an extended period of anomalously rapid fault slip,
reducing the loading rate of the upper crustal, seismogenic fault. This might be particularly
effective within and just below the brittle-ductile transition, a depth range characterized by
both low temperatures and high stresses where dislocation glide mechanisms and
associated strain hardening may be dominant over other crystal plastic deformation
mechanisms that operate at higher temperatures at deeper depths (Ashby & Verrall, 1978
[their “low-temperature plasticity”’]). Following a period of fast ductile slip, the ductile
roots of the fault would then slip more slowly or not at all, and anneal during the subsequent
lull in slip, gradually weakening and preparing the fault for the next “fast” period. During
the subsequent fast period, the weakened ductile shear zone roots will shear more rapidly,
loading the upper crustal seismogenic part of the fault faster than average, resulting in more
frequent and/or larger earthquakes. In a potential feedback loop, the resulting earthquake
clusters on upper crustal fault would increase shear stresses on their ductile shear zone
roots, increasing ductile shear zone shearing rates. Such changes might be manifest in
geodetic data, but may be difficult to detect (e.g., Dolan & Meade 2017).

An alternative and potentially complementary possibility is that fluids, either through their
addition or removal, could modulate the strength of ductile shear-zone roots. In particular,
it has been suggested that the addition of fluids will weaken the ductile shear zone, leading
to faster shearing rates that load the upper crustal fault above. For example, Oskin et al.
(2008) suggested that fluids might be expelled downward into the underlying ductile shear
zone in response to stress changes following a large earthquake on the brittle fault in the
upper crust, causing the ductile shear zone to weaken and slip faster. But Dolan et al.,
(2016) noted that pressure gradients are likely to almost always be upwards within fault
zones, making this possibility unlikely. Moreover, Biirgmann and Dresen (2008) noted that
that almost all ductile shear zones at these crustal levels contain some crystalline water,



and Kronenberg et al. (2020) suggest that it is the presence of water, rather than the amount
of water, that strongly modulates the strength of ductile shear within and just below the
brittle-ductile transition. Alternatively, it is possible that dehydration of the ductile shear
zone (e.g., Finch et al., 2016) alternating with re-hydration of the shear zone in response to
the chemical potential gradient established between a dry inner shear zone and hydrous
wall rocks may modulate the resistance to shear and the resulting slip rate of ductile shear
zones (Dolan & Meade, 2017).

The observation that the fast periods on all strike-slip faults we have studied thus far have
a finite, and similar, amount of displacement suggests the potentially complementary
possibility that individual faults, once weakened, may slip faster for a finite total
displacement as they “use up” all, or almost all of the elastic strain energy resolved on that
fault (i.e., the fault may approach complete stress drop, although over a span of multiple
earthquakes and tens of meters of fault slip, rather than during a single event). It has long
been suggested that the crust stores significantly more elastic strain energy than is released
in a single earthquake. For example, following on paleoseismic observations of an
extremely rapid period of slip spanning >~20 m of displacement in five earthquakes
between ca. 600—850 CE on the San Andreas fault at Wrightwood (Weldon et al., 2004),
Fay & Humphreys (2006) compared stresses derived from a force and torque balance in
the Salton block in southernmost California to estimate that there may be enough “excess”
stored elastic strain energy to drive at least 4-5 large-magnitude earthquakes, assuming a
typical stress drop in each earthquake of 1-10 MPa. Similarly, Fialko et al. (2004) used
along-strike variations in topography along the San Andreas fault and the geometry of the
fault to infer fault-averaged shear stresses of the order of 20-30 MPa. More recently, Fialko
(2021) used relative attitudes of conjugate faults that ruptured during the 2019 Ridgecrest,
California, earthquake sequence to estimate a similar depth-averaged shear stress in the
crust of 2540 MPa. All of these studies suggest that depth-averaged shear stresses on
major faults in California are on the order of a few tens of MPa, similar to the cumulative
stress drops that would be observed from 4—6 earthquakes. We refer to this excess elastic
strain energy stored in the crust as the crustal strain capacitor, since it can be drawn upon
to drive additional earthquakes. Interestingly, as noted above the amount of slip during fast
periods of slip on the three northern MFS faults all equal ~20-25 m (Zinke et al., 2017;
2019; 2021), as does the youngest such fast period documented on the Hope fault (Hatem
et al., 2021). In two of the only other sufficiently detailed available incremental slip-rate
records, the Garlock fault experienced ~26 m of slip in a cluster of 4-5 large-magnitude
earthquakes between 0.5-2.0 ka (Dawson et al., 2003; Dolan et al., 2016; Pefia et al., 2018)
similar to the >~20 m of slip in the 600-850 CE fast period along the San Andres fault at
Wrightwood (Weldon et al., 2004). Although robust assessment of this possibility remains
data-limited, the overall similarity of these values suggests that slip of ~20-25 m may
represent the maximum amount of resolved elastic strain energy that is “stored” on each
fault (or at least whatever shear strain energy can be effectively released through fault slip
above some semi-permanent threshold value). We suggest the possibility that once
whatever weakening mechanism(s) that control the initiation and maintenance of a period
of fast slip take over that the fault will continue to slip, drawing on the crustal strain
capacitance until the fault simply runs of out “fuel” (i.e., shear stress/resolved elastic strain
energy), at which point the fault slip will switch to the next-weakest fault in the



mechanically integrated network of complementary faults in order to maintain the overall
constant plate rate.

If other faults elsewhere can be shown to exhibit this same range of displacements during
periods of fast slip, this may (a) allow estimates of absolute level of elastic strain energy
(stress) stored in the crust; and (b) hold out the promise of better forecasting the likelihood
of near-future earthquakes on a specific fault if the incremental slip rate record is known.
For example, if a fault is shown to have experienced a recent large earthquake following a
long period of slow or no slip whose duration spans multiple average earthquake recurrence
intervals, then the fault may be entering a period of fast slip. Conversely, if a fault is shown
to have experienced a period of faster-than-average displacement spanning several
earthquakes and totaling on the order of 20-25 m of displacement, then the fault may have
exhausted its crustal strain capacitor and may be entering a quieter mode. For example, the
Wairau fault, which has a near earthquake-by-earthquake incremental slip-rate record
spanning the past 12 ky (Nicol & Van Dissen, 2018; Zinke et al., 2021), slipped ~25 m
during five earthquakes between 2 ka and 5.4 ka, after which the fault has been quiescent.
If we had paleoseismic data showing that the fault had just gone through a period of
accelerated slip spanning 25 m of displacement (i.e., if we were doing this analysis 2,000
years ago), we might have been able to suggest that the likelihood of a near-future
earthquake on the Wairau was relatively low, allowing more accurate probabilistic
estimates of earthquake occurrence on this fault. More-refined incremental slip-rate records
from more faults in more plate boundary fault systems are necessary to evaluate this
possibility, but if such records do become available in the future, this may provide a path
forward to better estimation of the probability of near-future earthquakes as the position
within a “fast period” could be evaluated in a quantitative sense. Moreover, periods of
faster ductile shear-zone slip and commensurately faster loading of the upper crustal,
seismogenic parts of the fault, may be observable geodetically, leading to higher estimates
of the probability of a near-future earthquake. Conversely, slower-than-average ductile
shear-zone rates manifest as slower geodetic rates might be used to suggest a lower
probability of near-future seismic slip (e.g., the current relatively slow geodetic rate on the
Mojave section of the San Andreas fault; Dolan et al., 2016; Evans et al., 2018).

4. Conclusions and Implications

Comparison of incremental slip-rate records from the four major strike-slip faults that
comprise the Pacific-Australia plate boundary in northern South Island, New Zealand,
reveals that, although the slip rates of individual faults vary widely through time, with fast
periods accommodating 20-25 m of slip during sequences of 4-6 earthquakes separated by
lulls of slow or no slip, the overall, system-level rate is constant. These results have basic
implications not only for our understanding of how plate-boundary fault systems work to
collectively accommodate relative motions, but also for attempts to understand and
potentially forecast the probability of occurrence of major earthquakes. What can these
data tell us about the predictability of the behavior of such fault systems? At the scale of
individual earthquakes, in complex plate-boundary fault systems like the MFES that are
composed of multiple, mechanically complementary faults in which irregular incremental
slip rates may be the norm (Gauriau & Dolan, 2021), the occurrence of any individual



earthquake may be random, controlled by a myriad of poorly understood (and potentially
unmeasurable) factors (e.g., previous stress history related to both the previous earthquakes
on the fault and other faults in system, but also by spatially variable displacement in earlier
ruptures, potentially transitory fluid pressures, contact friction evolution, and temporally
variable mechanical properties of fault-zone rocks). Indeed, attempts to use simple physical
models of earthquake recurrence on individual faults (e.g., time- and slip-predictable
behavior; Bufe et al., 1977; Shimazaki & Nakata, 1980) in such multi-fault plate-boundary
fault systems have usually failed (e.g., as demonstrated by Weldon et al., 2004, for the San
Andreas fault at Wrightwood), indicating that much more complex controls are at work,
rather than the steady loading rates and invariant fault-zone strength envisioned in these
simple models. Even the longest paleoseismologic record of individual earthquakes in the
world (the Hokuri Creek site on the Alpine fault; Berryman et al., 2012), which exhibits a
very low COV of 0.3 and quasi-periodic earthquake recurrence, may best be characterized
as the result of a fundamentally chaotic underlying mechanical system (Gauriau et al., 2023
in press).

It is only by looking beyond the single-earthquake cycle and single-fault scales at the
behavior of the entire fault system over multiple-earthquake time and displacement scales
that sense can be made of these behaviors. Specifically, the incremental slip-rate records
from the four main MFS faults demonstrate that, while slip on the individual faults is highly
irregular through time, the cumulative system-level rate is nearly constant at the 12-13 ky
time scales and 350-450 m of relative plate motion that we document, demonstrating that
the relative plate motion rate (and by extension system-level seismic moment accrual rates)
is maintained at a relatively constant rate at both small system-level displacement scales (a
few 10s of meters) and brief timescales (<a few centuries). These data thus provide a robust
boundary condition with strong predictive value and affirm the often-assumed, but until
now unproven at these displacement scales, assumption that the relative plate-motion rate
provides a robust basic constraint on both geodynamical models and analyses of system-
level seismic hazard, as in physics-based earthquake simulators and regional probabilistic
seismic hazard analyses (e.g., Field et al., 2015; 2017).

Moreover, the MFS incremental slip-rate records, together with other similar records from
other major plate boundary-scale strike-slip faults, provide tight constraints over the
displacement (~20-25 m) and time (centennial-millennial) scales at which whatever
mechanical processes control these behaviors operate. In addition to helping to constrain
possible candidate mechanisms (e.g., strengthening of fault-zone rocks within either the
upper seismogenic or lower ductile crust, introduction or removal of fluids and ductile
shear-zone response), these observations hold the promise of being potentially useful in
both probabilistic seismic hazard assessment and operational earthquake forecasting (e.g.,
Jordan et al., 2014, Field et al., 2016; Field, 2019), as well as estimation of absolute stress
levels in the crust.

Taken together, these data support a model of mechanically integrated faults working
collectively to accommodate plate-boundary motion, with the weakest fault in the system
(and/or the fault with the highest stored elastic strain energy) accommodating faster-than-
average slip for a finite period/displacement while other faults in the system slip more



slowly or not at all. Maintaining the observed constant system-level rate requires that the
system communicates the fact that one fault is slipping faster than average across the entire
system such that other faults are not required to slip as fast. The brief time (<a few
centuries) and displacement (<a few 10s of m) scales over which the plate boundary
maintains a constant rate suggest that the system cannot store much shear strain energy
before some component of the mechanically integrated system will slip. This suggests that
the “strength” of the entire system may be ultimately controlled by whichever is the
weakest fault in the system at any particular time, and this will change with time as the
faults that comprise the system speed up and slow down in concert in response to a steady
plate-rate boundary condition.
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Figure Captions

Figure 1 Map of active tectonics of New Zealand showing faults of the Marlborough fault
system, (MFS) and our four study sites. Inset shows tectonic setting of New Zealand. Black
lines show dominant faults proximal to the study area (Litchfield et al., 2014). Main figure
shows the location of our study sites along the four fastest-slipping MFS faults (bold black
lines): (BR) and (DB) are the adjacent Branch River and Dunbeath sites on the Wairau
fault (Zinke et al., 2021); (SR) Saxton River site on the Awatere fault (Zinke et al., 2017);
(TR) Tophouse Road/Clarence River site on the Clarence fault (Zinke et al., 2019); (HS)
Hossack Station on the Hope fault (Hatem et al., 2020). Thin black lines represent slower-
slipping structures. Gray arrow shows the relative Pacific-Australian plate motion vector
at 38-40 mm/yr (DeMets et al., 1990; 1994; 2010; Beavan et al., 2002; Wallace et al.,
2007).

Figure 2 Oblique aerial photo looking eastward down Wairau Valley across Branch River,
a major north-flowing tributary that drains into the eastward-flowing Wairau River out of
view to the left (North) of the field of view, illustrating fault offsets typical of our study
sites. The Wairau fault (marked by orange arrows) offsets six prominent fluvial terrace
risers that mark progressive downcutting of the Branch River floodplain, denoted by short
lines marking the positions of offset terrace risers (Lensen, 1968; Zinke et al. 2021).
Progressive downcutting of Branch River has resulted in progressively younger and lower
terrace riser offsets down to the currently active Branch River floodplain in the foreground.
The youngest offset (yellow lines) of 26.5 +1.5/-0.8 m at this site is dated at 8.6 £ 0.5 kyb
2018 (thousands of years before 2018 CE), whereas the oldest offset of 58 + 3 m (green
lines) is dated at 11.9 +1.0/-0.8 kyb2018 by Zinke et al. (2021). The six dated offsets at the
Branch River site provide part of the incremental slip-rate record of the Wairau fault
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documented by Zinke et al. (2021) and illustrate the approach used in determining the
incremental slip-rate records of all four of the main dextral strike-slip faults that
accommodate Pacific-Australia relative plate motion in the Marlborough Fault System.
Note that not all offset features at this site are shown (e.g., prominent offset fluvial channels
between pink and pale orange lines). Lloyd Homer photo #5051 used with kind permission
from GNS Science.

Figure 3 Incremental fault slip-rate data from the four main Marlborough fault system
faults discussed in this paper. The study sites on these four main faults — from north to
south the Wairau, Awatere, Clarence, and Hope faults — are shown atop a map of active
faults in this portion of the Pacific-Australia plate boundary. See Zinke et al. (2017; 2019;
2021), and Hatem et al., (2020) for detailed descriptions. The four MFS faults are labelled,
as well as represented by different colors (Wairau=red; Awatere=green; Clarence=brown;
Hope=purple). BR+DB is Branch River-Dunbeath site of Zinke et al. (2021); SR is Saxton
River site of Zinke et al. (2017); TR is Tophouse Road site of Zinke et al. (2019); HS is
Hossack Station site of Hatem et al. (2020). Note that incremental slip rate records — that
is, records that comprise multiple separate slip rates spanning different increments of
displacement on a single fault at the same location — differ from what we might term
“traditional” fault slip rates, which are typically based on the average rate since initiation
of offset of a single dated offset.

Figure 4 Summary of incremental fault slip rate data for the Marlborough fault system
plotted as cumulative displacement on vertical axis and time from the present back to 15
thousand years ago (ka) on the horizontal axis. (A) Individual incremental slip rates for the
four MFS faults (Wairau=red; Awatere=green; Clarence=brown; Hope=purple) as well as
the cumulative slip rate across the entire system (black lines). Each of these records shows
the results of a million Monte Carlo runs using the RISeR program (Zinke et al., 2021;
https://github.com/rzinke/RISeR; https://doi.org/10.5281/zenodo.4733235) through the
error limits of each of the incremental slip-rate records as well as the cumulative record.
Note the tradeoff amongst the highly irregular incremental slip rates for each fault but the
constant overall system-level rate (see S1 and S2 for discussion of our statistical
documentation of the variability in incremental slip rate on individual faults and the relative
constancy of the ensemble, system-level rate) . Dashed lines show reference rates in 5
mm/yr increments at 25 mm/yr through 40 mm/yr. (B) Expanded view of the trade-off in
slip through time for the northern three faults (same colors as in [a] but note change in
range of displacements shown on vertical axis) as well as their cumulative rate (umber
lines) compared with the incremental slip rate of the Hope fault (purple).

Figure 5 Probability density functions (pdfs) of the 25 incremental slip rates determined
for the four Marlborough faults, compiled from data in Zinke et al., 2017; 2019; 2021) and
Hatem et al. (2020), and shown in numerical form in Table 1. Each pdf shows the results
of 1,000,000 Monte Carlo runs through the entire error limits of each measurement using
the RISeR program (Zinke et al., 2021). The darker part of each pdf shows the 68%
confidence limits, whereas the paler colors show the full 96.4% (2 sigma) confidence
limits, for each incremental slip rate. The horizontal axis shows slip rate in mm/yr,
increasing to the right. Note that the vertical axes of these plots do not denote linear time,
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but rather the age ranges over which each of the incremental rates is averaged, with the
oldest increment at bottom. Each incremental rate is described at left, beginning with the
time interval over which that incremental rate is determined in ka, followed in parentheses
by the duration of that increment in ky (kilo-years); the displacement interval over which
that incremental slip rate is documented in meters, followed in parentheses by the total
displacement during that increment in meters; and finally the slip rate determined over that
interval in mm/yr. Note periods of faster than average slip rate spanning 20-25 m of
displacement (highlighted in red font) from 2.0 to 4.3 ka and 8.6**° to 10.1 ka on the
Wairau fault (the slow-/no-slip interval from 9.0-9.6 ka likely records the time between
successive earthquakes during the period of fast slip) that are separated by a 3.4 ky-long
interval of no slip from 4.3 to 8.6 ka (Zinke et al., 2021). On the Awatere fault, a period of
relatively slow slip since 4.3 ka was preceded by a period of very fast slip spanning 20.5
m displacement between 4.2-5.2 ka, and another fast period spanning at least 11 m, and
likely 23 m, of displacement that began at 8.1 ka and ended sometime before 5.2 ka (Zinke
et al., 2017). The Clarence fault has been slipping relatively slowly since early Holocene
time (9.0 ka), but the current slow rate was preceded by a period of exceptionally fast slip
spanning 25.5 m of displacement from 9.0-11.2 ka (Zinke et al., 2019). The slip rate of the
Hope fault is much faster than the other three main MFS faults, and consequently the three
oldest slip-rate increments span larger displacement intervals (71.5 m, 48 m, and 61 m)
than any of our other 22 incremental slip rates. In contrast to the apparent relative constancy
of rate from this older part of the Hope fault record, the more tightly constrained, youngest
part of the record reveals pronounced variations in incremental slip rate similar to the other
three faults, with the 8.2 mm/yr rate since 1.4 ka preceded by a rate of 33 mm/yr from 1.4
to 1.6 ka (Hatem et al., 2020).

Figure 6 Schematic diagram showing our hypothesized evolution of the controls on the
behavior of the system of four main fault that comprise the Marlborough Fault System
discussed in this paper. Illustrated on the figure are the changing relationships amongst
incremental fault slip rates and hypothesized fault strength and crustal shear stress changes
through time on two idealized, mechanically complementary, parallel dextral strike-slip
faults (Faults 1 and 2) that trade off slip to maintain an overall constant system-level rate
of shear. Figures 5A through 5D represent snapshots of these co-varying parameters at
different stages in the evolution of this system from fault 1 being the active fault in the
system, to slip on that fault waning as a fast period of slip begins on Fault 2. BDT = Brittle-
Ductile Transition zone, with an approximate depth extent shown for generic continental
crust. (5A) Figure 5A shows the beginning of the idealized trade-off cycle, with fault 1
slipping much faster than its long-term average rate in a series of large earthquakes. In this
phase, we hypothesize that fault 1 is the weakest fault in the system (i.e., that its resistance
to shear, either in the ductile shear zone roots and/or the upper, seismogenic part of the
fault, is lower than other mechanically complementary faults in the system). This fast slip
is facilitated by storage of several 10s of MPa of shear stress in the crust around the fault,
combined with a low resistance to shear to drive Fault 1 much faster than its average rate
during this period. During this phase, while Fault 1 is slipping fast, parallel Fault 2 is
slipping either slowly or not at all since the system-level load is being accommodated
primarily by Fault 1. (5B) During this period, Fault 1 continues to slip fast as a result of
continued fault weakness, but the driving shear stress in the “crustal strain capacitor”
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surrounding Fault 1 is starting to become depleted. Meanwhile, the crustal strain
capacitance around Fault 2, which was assumed to be depleted at the beginning of this
sequence in figure SA, is gradually increasing, as is the weakness of Fault 2, perhaps
through annealing of strain-hardened shear zone rocks resulting from the previous phase
of rapid Fault 2 slip (prior to time step shown in figure 5A). (5C) Figure 5C shows a period
in which the crustal strain capacitor surrounding Fault 1 has been depleted in a cluster of
large-displacement earthquakes that cumulatively resulted in displacement along Fault 1
of ~20-25 m. Moreover, during the waning stages of the Fault 1 fast period, Fault 1 has
likely also become mechanically stronger. The combination of lowered driving stress and
a mechanically stronger fault that is more resistant to shear results in cessation of slip on
Fault 1. Simultaneously, Fault 2, which has gradually weakened through stages 5A and 5B,
reaches a point where it has become weaker than Fault 1. In addition, during the preceding
periods shown in 5A and 5B, the crustal strain capacitance in the crust surrounding Fault
2 has increased, although not necessarily at a constant rate (i.e., the ductile roots of Fault 2
may have been more resistant to shear during the preceding period of slow or no Fault 2
slip, resulting in slower loading of the Fault 2 crustal strain capacitor). These changes favor
Fault 2 becoming the dominant fault in the system during the next stage. (5D) The crustal
strain capacitor surrounding fault 2 has been filled, and together with potential weakening
of Fault 2 during its preceding period of slow or no slip (stages SA through 5C), Fault 2
begins to slip fast in a series of large earthquakes, completing the trade-off of active slip
from Fault 1 shown in figures SA and 5B to Fault 2. This cycle will repeat into the future
as the faults toggle back and forth as they trade off slip to maintain a steady system-level
rate.

Table 1 Summary of age and displacement data and incremental fault slip rates for the four
main Marlborough system faults. The first column shows the age range over which each
incremental slip rate is averaged in kilo-years before present (ka). The second column
shows the duration of that increment. The third column shows the displacement ranges
over which that incremental rate was averaged, and the fourth column shows the
displacement that occurred during that increment. The fifth column shows the resulting
incremental slip rate for that increment, as discussed in this paper, and summarized in
figures 3, 4, and 5. The sixth column shows the percentage overlap between the probability
density functions of that incremental rate relative to the preceding incremental rate, using
the methodology of (Pastore & Calcagni, 2019). These values demonstrate the variability
of the incremental rates through on each of the Marlborough faults. See Supplemental text
for details of our statistical analysis. Time and displacement measurements are reported
with 95% confidence limits. Slip rate values are reported with 68% confidence limits.
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Wairau fault

Time interval (ka) Time span | Cumulative disp Disp Slip rate PDF
(ky) (m) interval (m) | (mm/yr) overlap

0.0to 2_010.1 2_010.1 0to 511** 5i0.8 2_5+0.6/-0.5

2‘010.1 tO 3‘Oi0.2 0.910.3 511 to 1511.5 10i1.4 9.7+2.8/-1.2 000
3‘010.2 tO 4‘3i0.3 2.310.5 1511.5 to 2512 10i2.0 4.7+5.2/-1.6 000
4‘310.3 to 8‘6t0.5 3_4+0.7/-0.6 2512 to 26+1.5/-0.8 1_2+2.1/-1.1 0.45+0.2/-0.3* 0.00
8‘610.5 to 9‘O+0.6/—0.5 0_4+0.8/-0.4 26+1.5/-0.8 to 3812 12.212.1 15.2+23.1/-6.2 0.00
9‘0+0.6/-0.5 to 9_6+0.6/—0.5 0_6+0.8/-0.5 3812.0 to 37‘511.5 0+2.5/-0.0 0.55+1.8/-0.5* 0.07
9‘6+0.6/-0.5 to 10.1 +0.8/-0.6 0_6+0.9/-0.5 37.511.5 to 51 +2.6/-1.9 13.2+3.0/-2.8 13.5+17.1/-5.4 0.08
10.1 +0.8/-0.6 to 11 .1+0.7 0_9+1.0/-0.8 51 +2.6/-1.9 m to 5412 3.012.6 2_6+2.8/-1.7 0.15
111 +0.7 to 11 ‘9+1.0/—0.8 0_8+1.2/-0.8 5412 to 58.512.0 4_4+2.7/-2.5 3_4+4.0/-1.8 0.79

*glip rate likely 0 mm/yr during these intervals; **Smallest slip increment (5*' m) is assumed to have occurred during ca. 2.0 ka most

recent earthquake (Nicol et al., 2011; Nicol & Van Dissen, 2018; Zinke et al., 2021)

Awatere fault

Time interval (ka) Time span | Cumulative disp Disp Slip rate PDF
(ky) (m) interval (mm/yr) overlap
(m)

0to 0.17* 0.17%0 0 to 2.5%10 2.5%08 15.0%484.7

0.17* to 1.8%03 1.7+0.3-04 2.5¢10 0 9.5¢1.0 7.0%12 4.2+0.61-0.5 0.00
1.8%03 tg 4.3+0.3/-04 2 405 9.5t1.0 tg 12.53.0-15 | 3 1+25/-1.6 1.4+05-04 0.01
4.3+03-04 tq § 205 1.3+1.2-08 12.5+3.0-15 tg 20.4+28-34 | {5 0+9.6/-4.6 0.00

33.5+2.5-3.5

5.2%05 tg 7.§+0.77-08 2 Q1114 33.525-35 tg 4530 | 11.8+36/-35 | g 0+34/-17 0.25
7.670.7-0.8 tg 8 10.9 0.5+1-21-0.5 45%30 to 56+3.0/2.0 11.433132 | 16.8+282-76 0.34
8.1%09 tg 12.9+1.2-1.0 4.8+15-14 563020 tg 72.5575 | 16.0%35-62 | 3.4+1.0/08 0.03

* ~2.5 m of displacement occurred at this site during the 1848 Canterbury earthquake (Mason et al.,, 2004; Zinke et al.,

Clarence fault

2017)

Time interval (ka) Time span | Cumulative disp Disp Slip rate PDF
(ky) (m) interval (mm/yr) overlap
(m)
0 to 4.5+08-0.7 4.5+08-07 0 to 9.0 0 9,008 2 001
4.5+08-07 1g 8 1+081-0.7 3.6+10-11 19.5%25 tg 9010 10 524 2 905 0.23
8.1+081-0.7 {5 9 0*1.0-09 0.8+11-07 21.5%20 g 19 525 2 0*30-138 1. 3+220-1.2% 0.40
9.0*1:0-0.9 tg 11.2¢1:3 2 415 47.03:0 tg 21.5%20 25 .5%2.9 9.6+5'0/-2'5 0.19
* displacement possibly O mm during this interval; **slip rate possibly 0 mm/yr during this interval
Hope fault
Time interval (ka) Time span | Cumulative disp Disp Slip rate PDF
(ky) (m) interval (mm/yr) overlap
(m)
0.0 to 1.4%04 1.5+02-04 0 to 12.0%20 12.0%20 8.2+271-15
1.4%04 to0 1.6%01 0.2+04-02 12.0%20 to 29%15 17.5%24 32.7+125-101 0.00
1.6%0-1 to 5.4#01 3.7#01 29.0*'5 t0 101#3 71.5%30 19.108 0.00
5.4%0-1 g 9.4201 4,001 1013 to 1493 48.0*4.0-30 | 12 (0.9 0.00
9.4%0.1t0 13.7%16 4.4%08 1493 to 21015 61.0%12 13.7+4.0-3.4 0.34
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