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ABSTRACT
Recent field studies provide evidence of fault slip-rate variability over time periods of 

10–100 k.y., yet researchers do not know how processes internal to the fault system (e.g., fault 
reorganization) impact records of fault slip rates. In this study, we directly observed fault-
system evolution and measured slip-rate histories within a scaled physical experiment of a 
dextral strike-slip 15° restraining bend representative of a gentle crustal restraining bend. 
To assess the degree of slip-rate variability at particular sites along the experimental faults, 
such as would be revealed in a field study, we tracked fault slip rates at specific locations that 
advected throughout the experiment with accrued fault slip. Slip rates increased or decreased 
(5%–25% of the applied velocity) both during fault reorganization (e.g., fault growth and 
abandonment) and as sites migrated to new structural positions. Sites that advected into the 
restraining bend showed decreased slip rate. While we expect new fault growth to reduce slip 
rates along nearby fault segments, we document that the growth of new oblique-slip faults 
can increase strike-slip rates on nearby fault segments. New oblique-slip thrust faults within 
the experiment accommodated off-fault convergence and unclamped nearby strike-slip seg-
ments. The experimental results show that even under a constant loading rate, slip rates at 
sites located on stable fault segments can vary due to either reorganization elsewhere in the 
fault system or site advection.

INTRODUCTION
Fault slip-rate studies show that slip rates 

can vary over a wide range of time scales (e.g., 
Wallace, 1987; Mouslopoulou et al., 2009; Gold 
and Cowgill, 2011; Zinke et al., 2017, 2019; 
Gunderson et al., 2018). Previous studies have 
quantified slip-rate response to some processes, 
such as glacial (un)loading (e.g., Hetzel and 
Hampel, 2005) and shifts in regional tectonics 
(e.g., Federico et al., 2009). However, previous 
studies have not constrained how slip rates at 
specific locations or sites along faults respond 
to processes internal to the fault system, such 
as fault-strength changes with time (e.g., Dolan 
et al., 2016) or fault reorganization (e.g., Fat-
taruso et al., 2016; Matti and Morton, 1993). 
We investigate and quantify, for the first time, 
slip-rate response at specific locations or sites 

to nearby fault growth or death (reorganization) 
and changes in a site’s structural position.

Slip-rate response to fault reorganization and 
a change in a site’s structural position are dif-
ficult to track in the crust because the geologic 
record may not preserve clear evidence of these 
processes and the slip-rate records at sites along 
nearby faults. In contrast, physical experiments 
allow us to document fault-system evolution and 
complete slip-rate histories at every point along 
faults. Geometric irregularities, such as restrain-
ing bends along strike-slip faults, locally reduce 
slip rates, which facilitates new fault growth and 
reorganization of the fault system. Numerical 
and physical experiments of restraining bends 
have shown that fault-segment growth and 
abandonment around restraining bends impacts 
overall strike-slip rates (e.g., Li and Liu, 2007; 
Cooke et al., 2013; Hatem et al., 2015; Bul-
kan et al., 2020). However, such studies do not 
track slip rates at sites along experimental faults 
as we do here. In this study, we use a scaled 

physical experiment to directly measure how 
slip rates at sites along a bend with geometry 
typical of gentle restraining bends in the crust 
(e.g., Mann, 2007) respond to fault reorganiza-
tion and changes in a site’s structural position.

EXPERIMENT SETUP AND FAULT 
EVOLUTION

We used a tabletop split box apparatus filled 
with wet kaolin clay to model the evolution of a 
vertical precut fault (F0) that has a 15° restrain-
ing angle and a 2 cm stepover that follows the 
basal discontinuity (Fig. 1A). The viscosity and 
strength scaling relationships between the wet 
kaolin and the crust are such that 1 min in the 
experiment is equivalent to 1.3–13 k.y. in the 
crust and 1 cm within the experiment is equiva-
lent to 1–2 km of the crust (Cooke and Van Der 
Elst, 2012). We followed experimental proce-
dures of Hatem et al. (2015). An overhead cam-
era captured images of the experiment surface 
at every 0.25 mm of basal plate displacement. 
We utilized digital image correlation techniques 
to extract the incremental horizontal displace-
ment and strain field with 1 mm spacing and 
calculated strike-slip rates along faults. We ran 
two experiments with identical boundary condi-
tions to assess repeatability. Both experiments 
produced similar faulting histories and patterns 
of off-fault deformation (Item S1 in the Supple-
mental Material1).

The faulting history shown in Figure 1B 
includes multiple periods of fault reorganiza-
tion. We refer to the initial period of plate dis-
placement needed for strain to localize along 
fault F0 as the spin-up period and exclude this 
period from analysis. Following the localization 
of strain along fault F0, a new dextral strike-
slip fault (F1) appears at 24 mm of plate dis-
placement and propagates southward from the 
western restraining-bend kink. Activity on fault 
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F1 ceases at 40 mm of plate displacement as a 
second new dextral fault (F2) appears ∼1 cm 
east of F1 and propagates southeastward. After 

45 mm of plate displacement, fault F2 turns and 
forms new segments striking west and southwest 
that are subparallel to the restraining segment of 
fault F0. These distal segments with west and 
southwest strike accommodate greater contrac-
tion than dextral shear. Between 65 and 85 mm 
of plate displacement, activity on contractional 
segments of fault F2 decrease while the dex-
tral segment remains active near fault F0. A 
third new fault (F3) propagates westward from 
the eastern restraining-bend kink and accom-
modates both contraction and dextral shear 
(Fig. 1B, 85 mm plate displacement panel). For 
the rest of the experiment, fault F3 continues to 
propagate westward and accommodates increas-
ing strain rates while the dextral strain rates on 
fault F2 decrease.

EXPERIMENTAL SITE SLIP-RATE 
RESULTS

Not all sites along the restraining bend reveal 
the same time history of slip-rate variability in 
the experiment. Using slip-rate histories from 
all sites, we delineated seven distinct slip-rate 
histories that map onto different segments of the 
fault system (Fig. 1C; Item S2). To explore these 
temporal slip-rate variations, we selected one 
specific site from each distinct slip history: sites 
A–D sit along fault F0, and sites E–G capture 
growth of three new faults. From the site slip-rate 
histories (Fig. 2A), three first-order observations 
emerge: (1) cumulative slip recorded at each site 
varies despite constant loading, (2) sites along 

new oblique-slip faults have slower strike-slip 
rates than all four sites along fault F0, and (3) 
slip-rate variations at sites along fault F0 corre-
spond to fault-system reorganization.

The early strike-slip rate increase docu-
mented at all sites along fault F0 (sites A–D) 
until 30 mm of plate displacement reflects early 
fault-zone weakening with accumulating fault 
slip. For the remainder of the experiment, the 
slip rate at site A equals the applied velocity due 
to its distal position from the restraining bend 
(Fig. 2). In contrast, strike-slip rates at sites B–D 
fluctuate between 65% and 100% of the plate 
velocity, and slip rates at sites E–G on faults 
F1–F3 fluctuate between 0% and 25% of the 
plate velocity (Fig. 2).

Four episodes of fault reorganization (P1–
P4) correspond to slip-rate variations at sites 
B–D of >5% of the applied velocity (Fig. 2). 
As fault F1 grows during period P1, the strike-
slip rate at site C on the restraining segment 
decreases. Following the abandonment of fault 
F1 at site E, site B experiences a sharp decrease 
in slip rate while the slip rate at site C increases, 
showing that abandonment of one fault can 
inhibit or promote slip at nearby sites depend-
ing on the site’s structural position. Increases in 
strike-slip rates at sites B–D along fault F0 and 
site F on fault F2 show a system-wide increase 
in slip rate with the growth of F2 during period 
P2. With both the abandonment of fault F2 dur-
ing period P3 and the growth of F3 (at site G) 
during P4, the strike-slip rate at site C decreases. 
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Figure 1.  (A) Schematic of the experimental 
setup. ROI—region of interest. (B) Incremental 
horizontal strain maps and locations of each 
site (solid rectangles) throughout the experi-
ment. Hue indicates sense of strain rate, and 
saturation indicates magnitude. F0 is the 
precut fault, and F1–F3 are faults that emerged 
during the experiment; P1–P4 represent peri-
ods of fault reorganization (see Figs. 2 and 
3). Dashed rectangles show locations of sites 
B–D and G at 0 mm plate displacement, reveal-
ing site advection. North arrow is to simplify 
the in-text descriptions of changes in fault sur-
face traces. (C) Fault segment map. Colors and 
letters delineate distinct slip-rate histories.

Figure 2.  (A) Strike-slip 
rates (derivatives of lines 
in B) for sites A–G (see 
Fig. 1 for site locations). 
Gray dots report raw 
strike-slip rates, and col-
ored lines show 11-point 
medians. Gray boxes 
bound periods of fault 
reorganization (P1–P4). 
(B) Cumulative fault dis-
placement for each site 
after spin-up (solid lines) 
and slopes of sites B–D 
during period P1 extrapo-
lated through experiment 
(dashed lines). Experi-
mental displacement is 
scaled to crustal displace-
ment using the strength 
scaling relationship 
defined in the text.
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During period P4, the slip rate at site D increases 
while the slip rate at site B decreases when site 
B migrates into the restraining bend (Fig. 2, 
white star).

The slip rate at site D increases from period 
P2 through period P4 while slip rates at sites 
B and C fluctuate above and below their P1 
slip rate throughout the experiment (Fig. 2B). 
Thus, projections of the period P1 slip rates 
either under- or overestimate the cumulative 
displacement that sites B–D record at the end of 
the experiment (Fig. 2B). For site C, the differ-
ence in cumulative displacement, which scales 
to 900 m (9.2 minus 8.3 km) over 285 k.y., rep-
resents a 10% difference in long-term strike-
slip rate.

FAULT-REORGANIZATION IMPACT ON 
SLIP RATE

Changes in slip rate at sites along the pre-
cut restraining segment, represented by site C, 
correlate with changes in off-fault incremental 
convergence during the experiment associated 
with the growth and abandonment of faults F2 
and F3 (Figs. 2 and 3A). Because changes in 
both convergence rates at sites and the length 
of active reverse faults produce changes in the 
amount of off-fault convergence, we compare 
the strike-slip rate at site C to the convergence 
rates at sites F and G as well as the summed 
incremental convergence along faults F2 and F3 

(Fig. 3A). With fault F2 accommodating con-
vergence during period P2, the hanging wall 
of this new fault experiences incremental dila-
tion, unclamping the precut restraining bend 
segment and increasing strike-slip rates at site 
C (Figs. 2 and 3). Conversely, the abandonment 
of fault F2 leading up to period P3 produces an 
increase in off-fault incremental convergence, 
which clamps the precut restraining bend seg-
ment and reduces the strike-slip rate at site 
C. While sites F and G accommodate similar 
maximum incremental convergence, fault F2 
is longer than F3. Consequently, when fault F3 
develops during period P4, it accommodates 
less convergence than F2 during P2, resulting 
in less change in slip rate along F0 than during 
P2 (Figs. 2 and 3A).

Locations of high off-fault convergence can 
indicate subsurface reverse slip (e.g., Hatem 
et al., 2015). Such patterns suggest that fault F3 
links at depth with the western restraining-bend 
kink and that a fourth new fault is growing at 
depth outboard of the inactive F2 during period 
P4 (Fig. 3B). If either fault F3 or the proto-fault 
fully linked to F0, slip on the precut restraining 
segment perhaps would significantly decrease 
between the two link points. Fault connections 
at depth could explain the decrease in strike-slip 
rate along the restraining segment (site C) dur-
ing period P4 (Fig. 2). Thus, the impact of fault 
reorganization on slip rate depends on the site’s 

structural position, fault-system configuration, 
and strain partitioning.

IMPLICATIONS FOR CRUSTAL FAULTS
Both the experimental sites and slip records 

from 10 crustal faults with differing slip sense 
and locality record some degree of slip-rate vari-
ability (Fig. 4). The range of slip-rate variability 
at the seven sites within the experiment over-
lap the ranges estimated from crustal studies, 
suggesting that it is plausible that the processes 
that drive slip-rate variability within the scaled 
physical experiment may also drive slip-rate 
variability within crustal fault systems. While 
this experiment represents one fault geometry 
and faults with different geometric irregularities 
could exhibit different degrees of slip-rate vari-
ability, the results demonstrate that fault reor-
ganization at geometric complexities can alter 
the local strain field and, in turn, fault slip rates. 
Fault-system reorganization can occur over time 
and length scales beyond those of this particular 
scaled experiment. Here, we present fault reor-
ganization as a plausible mechanism for tem-
poral slip-rate variability that can, by similarity 
scaling (Reber et al., 2020), be extended to a 
wide range of length and time scales.

Temporal variations in the degree of on- 
versus off-fault convergence can produce 
slip-rate variations near restraining bends. 
Within the experiment, increases in on-fault 
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Figure 3.  (A) Strike-slip rates at site C (purple) normalized to applied velocity, and convergence rates at sites F and G (light and dark green, 
respectively) and summed along faults F2 and F3 (dark and light blue, respectively) normalized to maximum convergence rate for sites and 
faults, respectively. Lines show 11-point medians. (B) Stacked incremental convergence maps show off-fault convergence. Black arrows indicate 
how off-fault deformation either clamps (inward-pointing arrows) or unclamps (outward-pointing arrows) precut restraining bend. Localized 
convergence precedes the emergence of upward-propagating faults (Hatem et al., 2015).
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convergence during reverse fault growth facili-
tated slip along unclamped strike-slip fault seg-
ments in the hanging wall of the reverse faults. 
Within the crust, new proto-thrust development, 
such as has been imaged at the toe of the Nankai 
trough, offshore Japan (e.g., Moore et al., 1990), 
may modify patterns in strain partitioning and 
alter strike-slip rates on faults within the forearc.

Fault slip-rate stability depends on a site’s 
structural position. The experimental results 
suggest that sites near or within the restraining 
bend are likely to have greater strike-slip rate 
variations than sites far from restraining bends 
(Figs. 2 and 4). Furthermore, sites that have 
advected to new structural positions within the 
fault system may record large slip-rate varia-
tions. Our experiment maximized site advection 
by fixing one side of the fault, which replicates 
conditions at some restraining bends, such as 
along the Denali fault in Alaska, USA (e.g., 
Burkett et al., 2016), and the San Andreas fault 
in California (e.g., Baden et al., 2020). Charac-
terizing the degree of site advection may pro-
vide insight into records of temporal slip-rate 
variability.

A relatively linear fault trace and a lack of 
nearby faults may promote records of stable slip 
rates, such as observed at Hokuri Creek (Berry-
man et al., 2012) along the Alpine fault in New 
Zealand. In contrast, many of the slip records 
that show significant variability are from regions 
with multiple nearby active faults, such as the 
Marlborough fault system in New Zealand (e.g., 
Khajavi et al., 2018; Zinke et al., 2019). For such 
systems, characterizing the history of nearby 
faults and comparing slip rates measured over 
similar time intervals (Fig. 2; Item S3) may pro-
vide insight on the mechanisms that contribute 
to slip-rate variability, such as fault reorganiza-
tion as explored in this study.

CONCLUSIONS
The scaled physical experiment results of a 

gentle restraining bend reveal that under con-
stant remote loading, non-steady-state slip rates 
emerge at sites along restraining bends associ-

ated with site advection and fault reorganization. 
The new approach we present here of tracking 
slip rates at specific sites facilitates correla-
tion to geologic slip records. While we expect 
strike-slip rate variations along new fault seg-
ments, the experiment results demonstrate that 
new fault growth can decrease or even increase 
strike-slip rates on nearby faults that have stable 
geometry. Along restraining bends, strike-slip 
rates can increase with new fault growth as the 
degree of clamping in the hanging wall decreases 
in response to the new faults accommodating 
reverse slip. Correspondingly, the abandonment 
of secondary thrust faults can decrease strike-slip 
rates along restraining bends. Furthermore, slip 
rates can vary at specific sites when those sites 
advect to new structural positions. Consequently, 
geologic slip-rate studies should consider not 
only the history of the fault segment investigated 
but also that of nearby segments as well as site 
advection history to better understand the pro-
cesses that drive records of slip-rate variability.
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