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Long paleoseismic records on mature faults suggest potentially chaotic recurrence patterns with cycles 
of strain accumulation and release that challenge simple slip- or time-predictable recurrence models. In 
apparent contradiction, the relatively small variability of earthquake recurrence times on these faults is 
often characterized as quasi-periodic, implying much regularity in the underlying mechanics. To reconcile 
these observations, we simulate one of the longest paleoearthquake records – the 24-event record 
from the Hokuri Creek site on the Alpine fault in New Zealand – using a physical model of rate-
and state-dependent friction. In a parameter space formed by three non-dimensional parameters, a sea 
of parameters produces periodic earthquake recurrence behavior. Only a few models are characterized 
by fundamentally aperiodic recurrence patterns, in parametric islands of chaos. Complex models that 
produce partial and full ruptures of the Alpine fault can explain the earthquake recurrence behavior of 
the Alpine fault, reproducing up to 11 consecutive events of the Hokuri Creek paleoseismic record within 
uncertainties. The breakdown of the slip- and time-predictable recurrence patterns occurs for faults 
that are much longer than the characteristic nucleation size. The quasi-periodicity of seismic cycles is 
compatible with the nonlinear and potentially chaotic underlying mechanical system, posing an inherent 
challenge to long-term earthquake prediction.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Our understanding of the recurrence pattern of large earth-
quakes relies on paleoseismic records, which, in exceptional cases, 
span prolonged periods, as for the Dead Sea fault, with 12 recog-
nized events in the past 14,000 years (Ferry et al., 2011), the San 
Andreas fault (SAF) at Wrightwood, with 15 characterized events 
since ca. 500 CE (Weldon et al., 2004), and the San Jacinto fault at 
Hog Lake, with 21 events documented since 1,800 BCE (Rockwell et 
al., 2015). In those studies, the seismic cycle is often characterized 
by the coefficient of variation (CoV) of the recurrence times, associ-
ated with quasi-periodic (CoV<1), random (CoV ∼ 1) or clustered 
(CoV > 1) events (e.g., Kagan and Jackson, 1991). For example, 
the Dead Sea fault is characterized by earthquake recurrence times 
ranging from random to clustered (Marco et al., 1996), whereas 
other faults reveal quasi-periodic behavior, such as the San Jacinto 
fault’s record at Hog Lake with a CoV of the recurrence times of 
0.57 (Rockwell et al., 2015). Similarly, the San Andreas fault’s re-
currence behavior at Wrightwood is quasi-periodic, with a CoV ∼
0.7 (Scharer et al., 2011), and the SAF Carrizo Plain section is char-
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acterized by a CoV of earthquake recurrence of ∼0.5 (Akçiz et al., 
2010).

The evolution of the slip deficit, i.e., the difference between the 
expected slip based on the average loading rate and the actual 
slip per event, provides another means of characterizing the recur-
rence pattern (Shimazaki and Nakata, 1980). For a slip-predictable 
behavior, the final stress is constant, but the initial stress can 
vary from event to event, implying a correlation between recur-
rence time and displacement between two successive earthquakes. 
Time-predictable behavior occurs when the amount of time fol-
lowing an earthquake depends upon its size, implying rupture 
initiation at a fixed yield stress. Testing the validity of the time-
or slip-predictable models in nature requires pairing records of 
paleo-earthquake ages with slip-per-event data. Slip-predictable 
behavior has been shown in a few locations with relatively short 
records. For instance, both the Carrizo Plain record, based on the 
six most-recent earthquakes (Akçiz et al., 2010), and the slip his-
tory of the North Anatolian fault, based on the displacements 
and ages of the past four major earthquakes (Kondo et al., 2010), 
suggest slip-predictable earthquake behavior. However, the time-
predictable model has been systematically rebutted in other cases 
(e.g., Wechsler et al., 2014).

The quasi-periodic behavior of earthquakes is often interpreted 
to indicate regularity in the underlying fault mechanics, imply-
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ing bounds on the dynamics or persistent mechanical conditions 
within the fault zone. Conversely, if paleoseismic records deviate 
from the time-predictable and slip-predictable models, this sug-
gests non-stationary physical conditions, such as changing loading 
rate or fault microstructure, affecting rupture nucleation and prop-
agation from one event to the next. This conundrum is perhaps 
best exemplified by the 24-event, 7,900-year-long, Hokuri Creek 
(HC) paleoseismic record on the Alpine fault in New Zealand, one 
of the longest ever produced. The catalog features seismic events 
every 329 ± 68 years (±1σ ; Fig. 1c) with a very low CoV of ∼0.3 
(Berryman et al., 2012), qualifying the southwestern Alpine fault as 
quasi-periodic (Fig. 1b, c). Despite the relatively regular recurrence 
pattern, inferred slip-per-event data suggest that the HC paleo-
seismic record departs markedly from both behaviors predicted by 
time- and slip-predictable models (Fig. 1d). The record is actually 
characterized by internal variability of pre- to post-event recur-
rence time (Fig. 1e).

These observations raise fundamental questions: What are the 
underlying mechanics responsible for an apparently periodic seis-
mic cycle that 1) breaks the slip- and time-predictable patterns, 
2) produces a relatively broad range of recurrence intervals, and 
3) can be characterized by a low CoV? To address these questions, 
we use numerical simulations to explore the physical parameters 
that control the recurrence pattern of earthquakes on the Alpine 
fault. We identify the physical conditions most compatible with the 
paleoseismic record at the HC site. When the fault is sufficiently 
unstable, the recurrence patterns evolve from periodic to aperiodic. 
The transition involves repeating cycles of multiple earthquakes, 
whereas the truly aperiodic sequences result from deterministic 
chaos. Some of these models can explain the most consecutive 
events – more than even documented in most other paleoseis-
mic records – while featuring a low CoV and digressing from the 
slip- and time-predictable models. Finally, we discuss the possible 
underlying causes for the earthquake recurrence behavior of the 
Alpine fault.

2. Methods

We build numerical simulations to reproduce the sizes and re-
currence patterns of paleo-earthquakes documented at the Hokuri 
Creek site. We use a 2D approximation in condition of in-plane 
strain relevant to long, isolated strike-slip faults, such as the Alpine 
fault. We assume a physical model of rate- and state-dependent 
friction in isothermal conditions and use the constitutive relation-
ships governing slip along the fault over multiple seismic cycles 
(Barbot, 2019a,b). The governing equations and constitutive pa-
rameters used to model the Alpine fault are detailed in the Sup-
plemental Material (SM). We model the 400-km-long, structurally 
isolated, southwestern Alpine fault as a velocity-weakening fault 
with a proxy for the HC site located at 100 km from the south-
western end of the fault (Fig. 2). The fault is loaded at a uniform 
rate of 23 mm/yr, in agreement with both the long-term slip-rate 
of the southwestern section of the Alpine fault (Berryman et al., 
1992; Sutherland et al., 2006), and the average recurrence intervals 
of the HC paleoseismic record, i.e., 329 ± 129 years (±2σ ) (Berry-
man et al., 2012), combined with the assumed amount of slip per 
event (see discussion in SM and references therein).

In a preliminary exploration of model parameters (Fig. S1), we 
find that the effective normal stress σ = 13 MPa captures the av-
erage recurrence time of earthquakes at HC (Fig. S2). We explore 
the role of the remaining physical properties of the fault zone to 
explain the temporal variability of the paleoseismic record. To gen-
eralize our findings to various combinations of physical properties 
of the fault zone, we explore three non-dimensional parameters 
that are key to the resolution of the seismic cycle, controlling the 
2

rupture style and recurrence patterns (Barbot, 2019b; Nie and Bar-
bot, 2022): the Dieterich-Ruina-Rice number Ru , the Rb number, 
and the static coefficient of friction μ0 (details in Fig. 2 and SM). 
The Dieterich-Ruina-Rice number can be interpreted as the ratio 
of the fault length, W , to a characteristic nucleation size, h∗ , that 
controls the dynamics of the ruptures:

Ru = (b − a)σW

GL
≈ W

h∗ ,

where G is the rigidity of the surrounding rocks and L is the char-
acteristic weakening distance of rate- and state-dependent friction 
(Dieterich, 1979; Rice and Ruina, 1983; Ruina, 1983). The sign of 
(b − a) characterizes whether the friction is velocity-strengthening 
or velocity-weakening at steady state. Smaller-scale instabilities 
typically develop for increasing Ru values (Cattania, 2019; Barbot, 
2019b). The Rb number is the ratio of dynamic and static stress 
drops:

Rb = b − a

b
.

This ratio controls the importance of the transient weakening and 
strengthening effects, as well as the nucleation style and the emer-
gence of slow-slip events (Rubin and Ampuero, 2005; Nie and Bar-
bot, 2021). The reference static coefficient of friction μ0 is the ratio 
of the shear stress to the normal stress measured at steady-state 
at a reference velocity. The reference friction coefficient affects the 
dynamics of rupture and is poorly known in nature, and usually 
fixed in earthquake simulation studies (e.g., Barbot, 2019b; Sathi-
akumar and Barbot, 2021; Nie and Barbot, 2022). In this study, we 
explore possible values of μ0 within a range applicable to seismic 
events.

We perform numerical simulations using the spectral boundary-
integral method with adaptive time steps and the radiation-
damping approximation to resolve all phases of the seismic cycle 
(Barbot, 2021).

To keep the model exploration tractable, we use the following 
strategy: We first explore the set of parameters Ru and μ0 for a 
fixed Rb = 0.286, a value typical of fault zones derived from lab-
oratory experiments (Tse and Rice, 1986; Blanpied et al., 1995). 
We then jointly explore the Rb and Ru numbers using a friction 
coefficient μ0 selected from the previous step. For each combina-
tion of parameters, we conduct 20,000-year-long simulations and 
analyze the behavior of the fault after a few thousand years to 
mitigate the effects of the initial conditions (e.g., Barbot, 2020; 
Sathiakumar and Barbot, 2021). For each simulation, we select the 
24-earthquake interval in the remaining period that best explains 
the HC record.

3. Results

We first examine the earthquake recurrence patterns that 
emerge in the parameter space (Fig. 3). We document the pe-
riodicity of earthquake cycles based on recurrence times alone, 
irrespective of the amount of slip, rupture velocity, or other source 
mechanisms. We consider slip events as earthquakes if the peak 
velocity exceeds 1 mm/s. Under most conditions, the seismic cycle 
converges to a repeat cycle consisting of one or more earthquakes, 
which we refer to as period-n cycles, where n is the smallest num-
ber of earthquakes that form a repeat sequence. The different types 
of earthquake recurrence time behavior are exemplified in Figs. 3c 
to 3h and in Fig. S3.

In the {Ru; μ0} parameter space, truly periodic behavior (pe-
riod-1) that follows the time- and slip-predictable models is ob-
served for low Ru values (10 to 30), at different μ0 values, as 
well as for Ru values spanning 50 to 95 for relatively low friction 
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Fig. 1. Overview of the Hokuri Creek (HC) paleoseismic site and data (modified after Berryman et al. (2012)). (a) Location of the HC paleoseismic site within the Alpine fault 
system, New Zealand (Langridge et al., 2016). (b) Ages of 24 surface-rupturing earthquakes on the Alpine Fault at HC. Intervals are the 95% brackets inferred from radiocarbon 
ages. The red cross refers to the most recent event (MRE) in 1717 C.E. (De Pascale and Langridge, 2012). (c) Recurrence time intervals, with probability density functions. (d) 
Slip deficit of the HC record through time, with inferred average slip per event of 7.5 ± 2.5 m, and its relation to the time-predictable (upper bound) and slip-predictable 
(lower bound) models, as defined by Shimazaki and Nakata (1980). (e) Plot of the time to succeeding event against the time since preceding event for the HC record.
coefficients (Fig. 3a). Truly aperiodic behavior, i.e., deterministic 
chaos, appears in isolated islands of parameters and in a some-
what larger model space for Ru between 45 and 55 and μ0 be-
tween 0.40 and 0.55. Other cases that deviate from the time- and 
slip-predictable models represent period-n behavior, i.e., period-n
cycles with n > 1. Similarly, truly periodic behavior is observed 
within large sections of the {Ru; Rb} parameter space, and chaotic 
behaviors appear in isolated patches (Fig. 3b).

We aim to quantitatively explain the recurrence times at HC 
within the explored parameter space, which will naturally produce 
3

low CoV and a set of events that resembles the succession of pale-
oearthquakes of the HC record. We therefore compare the numeri-
cal simulations of seismic cycles with the HC paleoseismic record. 
To mitigate any bias in recurrence times from aftershocks and 
other small earthquakes, we trim the simulated sequences accord-
ing to paleoseismic assumptions. Those assumptions tackle: 1) the 
timing of successive earthquakes, i.e., two earthquakes occurring 
within a brief amount of time will not necessarily be distinguish-
able in the stratigraphy, and 2) the amount of slip per event, i.e., a 
small-magnitude event might not be recorded in the stratigraphy 
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Fig. 2. Representation of the Alpine fault zone model with a reference map (a) indicating the location of the Hokuri Creek site. (b) Distribution of the rate dependence at 
steady state b-a and parameters a and b throughout the total modeled length of the fault. (c) Example plot of the cumulative slip along the fault for Ru = 95, Rb = 0.286, and 
μ0 = 0.50. The cumulative slip is plotted for a total of 17 events in the selected simulation, between years 12,285 and 13,714 (within a whole 20,000-year-long simulation). 
A proxy for the location of HC is shown and the vertical line above it shows where the sampling is done. The orange isochrons feature cumulative coseismic slip every 20 
seconds, and the gray contours show slip isochrons every 20 years in the interseismic periods.
(see further details in SM). We then compare the newly obtained 
catalog of recurrence times with the HC data. For each simulation, 
we select the sequence of 23 recurrence times that features the 
maximum number of successive recurrence times falling within 
the 95% confidence intervals of the HC record. This conservative 
criterion is used to discard models that explain data for short, iso-
lated intervals and to account for uncertainties in the paleoseismic 
record. The results are displayed in Fig. 4 for the parameter spaces 
Ru and μ0 at fixed Rb = 0.286 (Fig. 4a) and for Ru and Rb at fixed 
μ0 = 0.50 (Fig. 4b), correspondingly to Fig. 3.

The best fit models occur for period-2 behaviors (Fig. 3a), at 
{Ru = 75; μ0 = 0.60} and {Ru = 80; μ0 = 0.50 and 0.55} for fixed 
Rb = 0.286, as well as for {Ru = 50; Rb = 0.50} for fixed μ0 = 0.50
(Fig. 3b), with 13 successive recurrence times that fall within the 
95% confidence intervals of the HC record. Two of these best-fitting 
models are displayed in Figs. 4c to 4f. Other good fit models pro-
duce 11 or 10 successive recurrence times within the 95% con-
fidence intervals of the observations. This occurs for {Ru = 90; 
Rb = 0.50; μ0 = 0.50}, corresponding to a period-2 behavior, and 
for {Ru = 100; Rb = 60; μ0 = 0.50} corresponding to a chaotic be-
havior (Fig. 4b), as well as for the simulations with parameters 
{Ru = 60; μ0 = 0.60; Rb = 0.286}, exhibiting a period-11 behav-
ior, {Ru = 90; μ0 = 0.60; Rb = 0.286}, characterized by a period-5 
behavior and {Ru = 95; μ0 = 0.50; Rb = 0.286}, showing deter-
ministic chaos.

Since the behavior of the Alpine fault at HC is neither slip-
predictable, nor time-predictable (Fig. 1e), and since the earth-
4

quake recurrence time is not perfectly constant (CoV of 0.3), we 
should rule out any type of model that manifests true periodicity 
(equivalent to CoV = 0) (Fig. 1e). Therefore, we further select the 
models with a distribution of recurrence times most compatible 
with the HC record in a statistical sense. We perform two-sample 
Kolmogorov-Smirnov tests between the HC data and the selected 
best sequences of 23 recurrence times, i.e., the ones that fea-
ture the maximum number of successive recurrence times falling 
within the 95% uncertainties of the HC record, in order to test if 
the two populations come from the same distribution. Our working 
null hypothesis H0 is that the two populations were drawn from 
the same distribution. We look at the related p-values (i.e., the 
probability that the Kolmogorov-Smirnov statistic is larger than the 
maximum difference between the cumulative distributions of the 
two samples, assuming H0 is true) for each of the performed tests 
and display them in the explored parameter spaces in Figs. 5a and 
5b (correspondingly to Figs. 3a, 3b, 4a, and 4b). The smaller the 
p-value, the smaller the probability of making an error by reject-
ing H0. In other words, higher p-values relate to recurrence time 
interval distributions that are closer to the distribution of HC re-
currence times.

The overlap of the best models shown in Figs. 4a and 4b with 
the highest p-values shown in Figs. 5a and 5b helps us nar-
row down the allowable frictional parameter space that best ex-
plain the HC record. With this additional consideration, we find 
that the best simulations are obtained for {Ru = 90; μ0 = 0.60; 
Rb = 0.286}, characterized by a period-5 behavior, and {Ru = 95; 
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Fig. 3. Overview of the periodicity styles obtained for =13 MPa in the parameter spaces formed by Ru and μ0 and by Ru and Rb at the sampling point (marked HC in 
Fig. 2c). In (a) and (b), each color refers to a type of earthquake repeat time periodicity, and insets (c) to (h) show the evolution of slip deficit through time for the last 
8,000 years of the whole simulation. (f) refers to the period-5 model that fits well the HC data, using both ranking criteria we use in Figs. 5c and 5d. (h) refers to the chaotic 
model, also shown in Figs. 2c, 5e, and 5f, that fits the HC data well, using both ranking criteria.
μ0 = 0.50; Rb = 0.286}, showing chaotic behavior. The period-5 
model explains 10 successive recurrence times (i.e., 11 succes-
sive events from interval Hk8-9 to interval Hk17-18), and a total 
of 16 disconnected recurrence intervals that fall within the 95% 
uncertainties of the HC record. The mean recurrence time of the 
24-event selected sequence for this model is 307 ± 102 years, cor-
responding to a CoV of 0.33, which falls within the 1σ confidence 
interval of the mean recurrence time found at HC (Berryman et 
al., 2012). Similarly, the chaotic model explains 10 successive re-
currence times (i.e., 11 successive events from interval Hk12-13 to 
interval Hk21-22), a total of 15 disconnected recurrence intervals 
that fall within the 95% uncertainties of the HC record, and the 
scattered nature of pre- and post-event intervals (Fig. 4c, d). The 
mean recurrence time of the simulated 24-event record for this 
chaotic model is 277 ± 105 years, corresponding to a CoV of 0.38, 
which falls within the 1σ confidence interval of the mean recur-
rence time found at HC, characterized by a CoV of ∼0.3 (Berryman 
et al., 2012).

4. Discussion

Our study suggests that seismic cycles with low CoV that break 
the time- and slip-predictable end-member recurrence models are 
related to the nonlinear dynamics of the fault system. The two 
best-fitting models that explain the most consecutive events and 
produce a distribution of recurrence times that most resemble the 
HC record produce period-5 sequences or aperiodic deterministic 
chaos. Multiple-periodic cycles are generally understood as tran-
sitional behavior toward chaotic cycles. For example, the transi-
tion from periodic events to deterministic chaos in a Lorenz at-
tractor involves bifurcations with period-doubling (Lorenz, 1963). 
Nonlinear dynamic systems showing a period-3 recurrence pat-
5

tern (see an example in Fig. 3e) are capable of chaotic behav-
ior (Li and Yorke, 2004). Our results support previous studies 
that interpret earthquake recurrence as chaotic in historical cat-
alogs (Huang and Turcotte, 1990; Ito, 1980; Iliopoulos and Pavlos, 
2010), earthquake sequences (Shelly, 2010; De Santis et al., 2010), 
and laboratory earthquakes (Gualandi et al., 2023). Chaotic se-
quence of earthquakes can be due to the complexity of the rate-
and state-dependent friction law in spring-slider systems (Becker, 
2000; Erickson et al., 2008) and appear in continuum models for 
sufficiently small nucleation (Kato, 2014; Cattania, 2019; Barbot, 
2019b; Nie and Barbot, 2022).

The two best models in the parameter space explored in this 
study are found for {Ru = 90; μ0 = 0.60; Rb = 0.286}, charac-
terized by a period-5 behavior, and {Ru = 95; μ0 = 0.50; Rb =
0.286}, showing chaotic behavior. These parameters suggest that 
the Alpine fault is characterized by a small nucleation size relative 
to its overall length and by a friction coefficient compatible with 
Byerlee’s law (Byerlee, 1978). Although the structural maturity of 
the Alpine fault would suggest a lower friction coefficient in the 
seismogenic zone (Collettini et al., 2009; Boulton et al., 2017; Cop-
ley, 2018), rocks cored from the central section in the Deep Fault 
Drilling Project reveal friction coefficients of 0.50–0.75 at the rel-
evant temperatures (Boulton et al., 2012, 2014; Ikari et al., 2014; 
Valdez et al., 2019), compatible with our findings.

The Ru and Rb numbers control the relative amplitude of differ-
ent energy sources and sinks during seismic rupture, i.e., fracture 
energy, heat, and radiated energy (Kanamori and Rivera, 2006), by 
affecting the amount of weakening and the slip-weakening dis-
tance, which directly alters the fracture energy. The trade-off be-
tween Rb and Ru displayed in Figs. 4b, S5, S9, and S10 indicates 
an upper bound on the fracture energy: For sufficiently large frac-
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Fig. 4. Results of fitting of best sequences of 23 recurrence intervals to the Hokuri Creek paleoseismic data (a) for the parameter spaces formed by Ru and μ0 and (b) by 
Ru and Rb . (a) and (b) display the highest number of successive recurrence intervals that fall within the 95% confidence intervals of the HC paleoseismic time recurrence 
intervals for each simulation. The best results are obtained for simulations with a period-2 earthquake recurrence behavior (shown as black squares), and are displayed in 
insets (c) to (f). (c) shows the recurrence time sequence of the selected interval for the period-2 simulation of parameters Ru = 80, μ0 = 0.55, Rb = 0.286, compared with 
the HC data. For this selected sequence, the CoV is 0.264 and the average recurrence time is 277.9 yr. (d) shows the entire 20,000-year-long simulation for the preferred 
chaotic model and the selected interval in light of the HC data. (e) and (f) show the same series of plots for period-2 simulation of parameters Ru = 50, μ0 = 0.50, Rb = 0.50. 
This selected sequence is characterized by a CoV of 0.322 and an average recurrence time interval of 278.0 yr.
ture energy per unit area during rupture, the complex recurrence 
patterns of HC cannot be reproduced, whether it is due to a large 
weakening distance (small Ru ) or a large direct effect (small Rb). 
This suggests that the Alpine fault earthquakes dissipate relatively 
6

little energy in fracture, diverting it instead into seismic radiation 
and heat.

The small nucleation patch size for the Alpine fault implies a 
wide range of possible earthquake sizes. For instance, when Ru =
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Fig. 5. Additional method for ranking the selected sequence of 23 intervals (Fig. 4), with the use of p-values of the related tested null-hypothesis H0: “The HC record and the 
selected simulated record were drawn from the same distribution”, using a two-sample Kolmogorov-Smirnov test. The p-values are displayed in (a) for the parameter space 
formed by Ru and μ0 and in (b) for the parameter space formed by Ru and Rb . The highest p-value is obtained for the simulation of parameters Ru = 90, Rb = 0.286, and 
μ0 = 0.60, characterized by a period-5 recurrence time behavior, which also has a good fit with the HC data, using the ranking criterion of Fig. 4. Insets (c) and (d) show the 
recurrence time sequence of the selected interval for this period-5 model, compared to the HC record. For this sequence, the CoV is 0.333 and the average recurrence time is 
307.4 yr. The other simulation that gathers a high p-value and a large number of successive recurrence times falling within 95% uncertainties of the HC record is the chaotic 
simulation of parameters: Ru = 95, Rb = 0.286, and μ0 = 0.50. (e) and (f) show the recurrence time sequence of the selected interval for this chaotic model, compared to 
the HC record. For this selected sequence, CoV = 0.380, the average repeat recurrence time is 277.4 yr.
95, the smallest allowable rupture size (∼7 km) represents 2% of 
the fault length. Although most simulated earthquakes for both 
models represent unilateral ruptures of the entire fault (Figs. 2c 
7

and S1b), a few ruptures break segments of less than 100 km 
length, only a few of which reach the HC site. Consistent with 
this observation, the paleoseismic record of large-magnitude earth-
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quakes shows that the Alpine fault does not generate frequent 
earthquakes that are less than a Mw ∼ 7 range, except for after-
shocks. Indeed, the magnitudes of the paleo-seismic events are 
assumed to be on the same order of the most recent event (Mw =
8.1–8.3) and antepenultimate (Mw = 7.6) Alpine fault earthquakes 
(Sutherland et al., 2007; De Pascale and Langridge, 2012). Full-
length ruptures of the entire Alpine fault are probably the dom-
inant means by which the seismic moment of the fault is released. 
The last three events that occurred at HC correlate with the well-
constrained ages of ruptures along the central section of the Alpine 
fault (Howarth et al., 2016), suggesting that the most-recent event 
(MRE) in 1717 C.E., as well as the penultimate and antepenul-
timate events ruptured both the Central and Southern sections. 
The MRE not only ruptured those sections, but also potentially the 
southern end of the Alpine fault’s northern section, with a calcu-
lated magnitude Mw 8.1–8.3 and a rupture length of ∼410–450 km 
(Yetton and Nobes, 1998; Stirling et al., 2012; De Pascale and Lan-
gridge, 2012; Cochran et al., 2017; Howarth et al., 2018). However, 
the time ranges of older events recorded at the HC and John O’-
Groats sites on the Southern section do not match those recorded 
at Lake Ellery on the Central section (Fig. 2a), indicating that the 
ruptures recorded on the Southern section did not simultaneously 
rupture the Central section as well, and vice versa. This suggests 
that ruptures do not consistently break the entire length of the 
fault. Specifically, 52% of the events recognized on the Alpine fault 
are restricted to either the Southern section or the Central section, 
whereas 48% of the events rupture both sections at the same time 
(Howarth et al., 2016, 2018; Cochran et al., 2017).

The average earthquake recurrence intervals found for the two 
best fit models (277 ± 105 years for the chaotic model and 307 ±
102 years for the period-5 model) are somewhat shorter than the 
average recurrence interval documented by Berryman et al. (2012)
at HC (329 ±68 years), although they are not significantly different 
at the 1σ confidence interval. Some paleoseismic studies at other 
sites on the southwestern Alpine fault have revealed shorter aver-
age recurrence intervals, such as (1) 291 ± 23 years (CoV = 0.41) 
for the combination of HC ages and the seven paleoearthquake 
ages obtained at John O’Groats wetland (Fig. 2a), 25 km south of 
HC (Cochran et al., 2017); and (2) 263 ± 63 years (CoV = 0.26) 
on the Central section of the Alpine fault, starting less than 100 
km north of the HC site, based on the evidence of the eight most-
recent earthquakes (Howarth et al., 2018). For similar amounts of 
slip per event to that inferred in our work at the HC site (7.5 
m/event), the recurrence time intervals resulting from these other 
sites would require a faster slip rate than the average loading rate 
used in our study (23 mm/yr). For instance, Cochran et al. (2017)
used the ∼28 mm/yr long-term slip rate from Barth et al. (2014), 
which was based on restoration of ∼270 ka glacial deposits dis-
placed by the Alpine fault.

This bias could be recovered by employing a different long-
term slip rate, which would have minimal consequences for the 
seismic cycle behavior beyond changing the recurrence time of 
earthquakes, but would be incompatible with the well-constrained 
incremental slip-rate record of Sutherland et al. (2006) which was 
measured over four separate displacement intervals and pertains 
directly to the section of the fault containing the HC site. Per-
haps other additional physical processes could help to reconcile 
our results with both the actual distribution of recurrence in-
tervals obtained at HC, and the recurrence intervals observed at 
other sites along the Alpine fault. The frictional evolution of the 
fault may involve enhanced weakening mechanisms, such as flash 
weakening (Beeler et al., 2008), thermal decomposition (Sulem and 
Famin, 2009), thermal pressurization (Noda and Lapusta, 2013), or 
additional thermal effects that modulate strength throughout the 
seismic cycle (Wang and Barbot, 2020, 2023; Barbot, 2022). Inter-
nal structural complexity of the Alpine fault may also affect the 
8

recurrence patterns (Howarth et al., 2021). Another reason why it 
is difficult to obtain a simulated sequence that gives an average 
time recurrence interval close to the one of HC is that the variabil-
ity of the record comes mainly from the eight most-recent events, 
for which the recurrence intervals vary more (CoV = 0.37) than for 
the whole record. In contrast, the 15 oldest recurrence intervals in 
the HC record indicate more regular earthquake occurrence, with a 
very low CoV of 0.24.

The numerical simulations obtained from this study provide 
further insights into the possible underlying mechanics of seismic 
cycles that deviate from the time- and slip-predictable models. For 
a high Ru number, the nucleation size is small enough to generate 
full and partial ruptures of the seismogenic zone due to hetero-
geneous stress accumulation along the fault. The partial ruptures 
delay the nucleation of the subsequent through-going ruptures, 
breaking the simple time-predictable pattern. To first order, the 
fault slip produced during a seismic event is controlled by the rup-
ture length. Consequently, partial ruptures also create variability in 
the slip of individual earthquakes, even at uniform stress drops, 
breaking the slip-predictable pattern, as well. Finally, partial rup-
tures leave behind stress concentrations that will affect subsequent 
ruptures. As the stress inherited from previous ruptures affects the 
initial condition of any subsequent rupture, a sequence of earth-
quakes yields an increasingly complex stress distribution along the 
fault. As a result, a period-5 model, like the one obtained with 
parameters {Ru = 90; μ0 = 0.60; Rb = 0.286} accomplishes these 
complex conditions, and represents an intermediate step towards a 
fully aperiodic, chaotic system, as represented by the second model 
obtained with parameters {Ru = 95; μ0 = 0.50; Rb = 0.286}. Un-
der some conditions, as the ones reached in that latter model, the 
cycle becomes aperiodic. As the average recurrence time remains 
controlled by the structural properties of the fault zone that evolve 
at time scales much longer than the seismic cycle – fault length, 
structural maturity, and the distant boundary conditions of tec-
tonic plates (e.g., Gauriau and Dolan, 2021) – a chaotic seismic 
cycle such as the one we found still operates within reasonable 
bounds, leading to a low CoV.

5. Conclusions

We explore a wide range of frictional parameters to model the 
quasi-periodic earthquake recurrence pattern of the Alpine fault’s 
Hokuri Creek paleoseismic record. A sea of parameters produces 
strictly periodic or period-n cycles of earthquakes. Only a few is-
lands of parameters within the entire explored space yield chaotic 
seismic cycles that break the time- and slip-predictable recur-
rence patterns and produce low variations of recurrence times. 
Two models that explain the Hokuri Creek paleoseismic record ex-
hibit period-5 and chaotic behaviors, respectively, both of which 
are the trademark of nonlinear fault dynamics. These models fea-
ture a highly unstable fault with a length much greater than a 
characteristic nucleation size, and Byerlee-like friction coefficients. 
The compatibility of the quasi-periodicity of seismic cycles with a 
complex underlying mechanical system poses an intrinsic obstacle 
to long-term earthquake prediction, even if the fundamental laws 
governing fault slip were well established. Modeling approaches 
adapted to nonlinear, chaotic systems may be best suited to tackle 
this challenge.
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