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Abstract: Characteristic slip and characteristic earthquake models have been proposed for several decades. Such models have been
supported recently by high-resolution offset measurements. These models suggest that slip along a fault recurs via similarly sized, large
earthquakes. The inter-event strain accumulation rate (ratio of earthquake slip and preceding interseismic time period) is used here to
test the characteristic earthquake model by linking the slip and timing of past earthquakes on the Haiyuan Fault. We address how the
inter-event strain accumulation rate varies over multiple seismic cycles by combining paleoearthquake studies with high-resolution
airborne light detection and ranging (LiDAR) data to document the timing and size of paleoearthquake displacements along the western
and middle segments of the Haiyuan Fault. Our observations encompass 5 earthquake cycles. We find significant variations over time and
space along the Haiyuan Fault. We observe that on the middle segment of the Haiyuan Fault the rates slow down or increase as an anti-
correlated function of the rates of preceding earthquakes. Here, we propose that the inter-event strain accumulation rates on the middle
segment of the Haiyuan Fault are oscillating both spatially and temporally. However, along the western segment, the inter-event strain
accumulation rate is both spatially and temporally steady, which is in agreement with quasi-periodic and slip-predictable models. Finally,

we propose that different fault segments within a single fault zone may behave according to different earthquake models.
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1. Introduction

It is rare that field observations are sufficient to document both
the timing and amount of seismic slip in repeated earthquakes
along an individual fault (Akgiz et al., 2014; Ludwig et al., 2010;
Weldon et al., 2004; Zielke et al., 2010). However, since the 1980s
various models for earthquake recurrence patterns have been
proposed (Schwartz and Coppersmith, 1984; Shimazaki and Na-
kata, 1980), among which the simplest are characteristic slip and
characteristic earthquake models, though these are patterns that
have rarely been verified by observation (Klinger et al., 2011). The
pattern of strain accumulation during the inter-seismic period is
still unknown, yet in testing earthquake recurrent models, strain
accumulation has been assumed to be proportional (Murray and
Segall, 2002; Segall and Harris, 1987) ; this assumption is a key is-
sue in assessing the probably time of future large earthquakes
(Fialko, 2006; Murray and Segall, 2002). Previous studies have at-
tempted to estimate the strain rate along active faults, using GPS,
InSAR (Interferometric Synthetic Aperture Radar) as well as geolo-
gical data (Feldl and Bilham, 2006; Fialko, 2006; Fialko et al., 2005;
Mazzotti et al., 2011; Murray and Segall, 2002; Smalley et al., 2005).
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Unfortunately, GPS and InSAR methods provide current strain
rates over only the several tens of years since the deployment of
the GPS stations and the launching of the InSAR satellite; there
has not been enough time to reveal the strain rate status over
multiple seismic cycles. Precise, spatially dense measurements of
surface deformation through time would greatly improve chances
of assessing different scenarios of inter-event strain accumulation
rates and thus improve the likelihood of predicting future large
earthquakes. Here, along a portion of the 1920 Haiyuan earth-
quake rupture (Figure 1), we combine a collection of previous pa-
leoearthquake studies (IGCEA and NSBCEA, 1990; Liu B et al., 1995;
Min W et al,, 2001; Ran YK et al, 1997; Zhang PZ et al., 1988b,
2005) with analysis of high-resolution airborne light detection and
ranging (LiDAR) data (Ren ZK et al., 2016) to document both the
timing and displacement of the last five earthquakes that have oc-
curred along the western and middle segments of the Haiyuan
Fault, respectively. Below, we first present the data on which our
estimates of inter-event strain accumulation rates are constructed.
Under the assumption that the measured offset carries the inter-
event strain accumulation information of the past earthquakes,
we calculate the inter-event strain accumulation rates of the past
five earthquakes along the western and middle segments of the
Haiyuan Fault, respectively. Finally, we propose two different
earthquake models according to the variation of inter-event strain
accumulation rate for the two fault segments within the Haiyuan
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Figure 1. (a) Simplified tectonic map of Tibetan Plateau; (b) Tectonic and geomorphic map of the Haiyuan Fault zone; (c) Airborne LiDAR data
coverage of segments S1-52; (d) Airborne LiDAR data coverage of segments S3-5S4. The yellow dashed rectangle indicates the region that
coseismically ruptured during the 1920 M8.5 earthquake. The white circles represent the offset sites.

Fault zone.

2. Geological Setting

The Haiyuan Fault is a major left-lateral strike-slip fault in north-
eastern Tibet (Figure 1). Previous researchers (Burchfiel et al.,
1991) suggested that the Haiyuan Fault experienced thrusting in
the Pliocene, caused by northeastward expansion of the Tibetan
Plateau. Its sense of motion changed in the late Pliocene or early
Pleistocene to the current, dominantly left-lateral strike slip sense
of motion (Burchfiel et al.,, 1991). Fault slip rates along the Haiy-
uan Fault have been constrained by a number of studies that util-
ized geologic (Lasserre et al., 1999; Li CY et al,, 2009; Zhang PZ et
al., 1988a), geodetic (Wang M et al., 2003; Zhang PZ et al., 2004),
and InSAR data (Cavalié et al.,, 2008; Jolivet et al.,, 2012; Li YC et al.,
2016). The geological slip rate is now widely accepted to be
4.5£1.0 mm/a along the western and middle segments of the
Haiyuan Fault (Li CY et al., 2009).

The Haiyuan Fault has been the site of numerous paleoseismic
trenching studies since the 1980s (IGCEA and NSBCEA, 1990; Liu B
et al., 1995; Min W et al., 2001; Ran YK et al., 1997; Zhang PZ et al.,
1988b, 2005). Most trenches are located along the western and
middle segments of the fault (Figure 1). The results of these stud-
ies are summarized in the form of a space-time diagram (Ren ZK et
al., 2016). The temporal limits are estimated to constrain the age
of paleo-earthquakes at each trench. The limits are then correl-
ated among adjacent trenches to evaluate the spatial extent and
timing of paleo-earthquakes along the western and middle seg-

ments of the fault. The recorded paleo-earthquakes can be traced
back about 11000 years. The correlated records reveal that five
earthquakes have occurred on both the western and middle seg-
ments of the Haiyuan Fault in the most recent ~6500 years,
though the timing of individual events on the two segments is
somewhat different. The paleoseismic investigations along the
1920 rupture trace show that the recurrence interval of earth-
quakes of similar size to the 1920 event is on the order of ~1000
years (IGCEA and NSBCEA, 1990; Liu B et al., 1995; Min W et al,,
2001; Ran YK et al., 1997; Zhang PZ et al., 1988b, 2005).

3. Methods

3.1 Introduction to Previous Offset Measurements
Airborne LiDAR data along the Haiyuan Fault were collected in
November 2011. Details of the data collection and preparation are
reported by Ren ZK et al. (2016). The resulting digital elevation
model enabled Ren ZK et al. (2016) to identify and measure 320
left-lateral offsets of geomorphic and cultural features such as gul-
lies, terrace risers, and man-made stone walls. Measurements util-
ized the method of Zielke et al. (Zielke et al,, 2010, 2012) using
LaDiCaoz—a MATLAB program. Offsets interpreted to be the res-
ult of one or more earthquakes along the fault are measured by
back-shift, stretching and matching the topographic profile per-
pendicular to the channels and parallel to the faults on both sides
of the fault. In this manner, the best offset values are obtained
semi-automatically from LaDiCaoz by fitting the topographic pro-
files.
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In our previous study (Ren ZK et al., 2016), we obtained 320 offset
measurements from the 88 km distance of the Haiyuan Fault
covered by the LiDAR survey. The quality of our previous meas-
urements follows five ranks with corresponding weight factors:
high=1.0; high-moderate=0.75; moderate=0.5; moderate-low=
0.25 and low =0.0 (Zielke et al., 2010). The cumulative offset prob-
ability density (COPD) values are used to group the offset (Ren ZK
et al,, 2016). Our synthesis of previous observations reveals that
the largest cumulative offsets preserved along the fault reach up
to 30 meters (Figure 2).

The COPD plot shows five distinctive groups/clusters of accumu-
lated slip. For the purpose of this study we assume that these five
clusters represent the offset of the five most recent paleo-
events/earthquakes (Figure 2) (Ren ZK et al., 2016).

Based on this assumption, we are able to determine the average
offset of the five most recent earthquakes along the western and
middle Haiyuan Fault, as identified in the aforementioned pa-
leoseismic excavations (IGCEA and NSBCEA, 1990; Liu B et al.,
1995; Min W et al, 2001; Ran YK et al, 1997; Zhang PZ et al,,
1988b, 2005).

3.2 New Methods to Interpret Previous Offset Data

The displacement for individual clusters is interpreted as the dif-
ference in the cumulative offsets between sequentially adjacent
paleo-events (Figure 2b). In order to better evaluate the slip-re-
leasing history of past events, we need to estimate the coseismic
offsets of each earthquake.

On the Haiyuan Fault, paleo-earthquakes are identified/derived
from stratigraphic record by correlating faulting evidences from
multiple trenches that cover a total distance of ~150 km along the
fault. Hence, individual earthquakes that can be identified in (all)
those trenches (hence exhibiting a rupture length above 150km)
must be of significant size (Wells and Coppersmith, 1994). Con-
sequently, we consider it plausible to correlate stratigraphic evid-
ence of faulting (from paleoseismic excavations) directly with the
observed offset clusters.

Since the offset measurements are not at the same sites, we be-
gin by averaging the offset data using distance windows of 1-km,
2-km and 5-km, respectively. Among these, the 1-km window is
closest to the real offset value, which could show both local
(maybe related to fault structure) and regional (maybe related to
earthquake pattern) offset variations. To obtain the offset of each
earthquake, we need to subtract the co-seismic offset of the
younger earthquake from the cumulated offsets of multiple earth-
quakes. However, only the co-seismic offset of the 1920 Haiyuan
earthquake is directly measured. In this study, we first subtract the
co-seismic offset of the 1920 Haiyuan earthquake from the aver-
aged offset of the events | and Il derived from the windowing ap-
proach. Then, we subtract the measured cumulative offset of
event | and Il from the averaged cumulative offset of the events |,
Il and Ill, and so on. Consequently, the coseismic offset distribu-
tions of five events were obtained (Figure 2b). Coseismic displace-
ments average ~5 m and vary by a factor of up to two from event
to event.
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4, Results

The division of the seismic offset of each paleo-event by the pre-
ceding inter-event time interval provides an estimate of inter-
event strain accumulation rate for each of the 5 identified earth-
quakes along the western and middle sections of the Haiyuan
Fault (Figure 2b), following the aforementioned assumption of a
direct relationship between stratigraphic and geomorphic earth-
quake evidence. The inter-event strain accumulation rates are
generally between 3 and 5 mm/a on the western segment but
span a much larger interval, from 3 to 15 mm/a, on the middle
segment. The estimated inter-event strain accumulation rates also
vary along strike for given individual events. For example, the
inter-event strain accumulation rate after event IV on the western
segment (WIV) decreases from S1-S2 to S3-54 (Figure 3). From
the western to the middle segments, the rates show a spatial vari-
ation of a factor of three. The comparisons of inter-event strain ac-
cumulation rates are shown in Figure 3; the inter-event strain ac-
cumulation rate is roughly stable (range from 3-5mm/a) on seg-
ment S2 (Figures 3a-3d), but relatively oscillate (range from 3-15
mm/a) on segments S1, S3 and S4 (Figures 3a-3d). The most obvi-
ous variation in inter-event strain accumulation is observed from
events II, lll, IV and V on segments S3-54. The rates first decrease
from ~15 mm/a (Event V) to ~3 mm/a (Event IV), then increase to
~10 mm/a (Event ) and finally decrease to ~5 mm/a (Event II)
(Figures 3b-3d).

5. Discussion

The varying inter-event strain accumulation rates may reflect per-
turbations to the mechanical properties of ruptured faults during
past earthquakes, such as the frictional features of the fault zone,
and asperities on the fault plane. The observed variation over time
and along fault strike suggests that inter-event strain accumula-
tion for strong earthquake is neither spatially nor temporally con-
stant across the entire Haiyuan Fault.

On the Haiyuan Fault, the inter-event strain accumulation rates
show a spatial variation from 3 mm/a to15 mm/a between middle
and western segments. There are three possible explanations for
the spatial variations. The first one: a spatially constant strain ac-
cumulation rate may nevertheless result in variations in the inter-
event strain accumulation rate because of incomplete coseismic
strain release, i.e,, slip, along a fault (Chéry and Vernant, 2006; Wel-
don et al,, 2004, 2005). We speculate that incomplete coseismic
strain release may lead to an oscillatory behavior, where a relat-
ively small slip event tends to be followed by relatively larger slip
events.

The second explanation is the inverse of the first: the accumu-
lated strain may be completely released during strong earth-
quakes but the inter-event strain accumulation may not be spa-
tially constant. The inter-event strain accumulation rate is spa-
tially and temporally variable and, thus, so is the coseismic strain
release because the release is complete from one event to the
next. Consequently, the higher inter-event strain accumulation
rates on segments S3-S4 may indicate that the middle segment of
the Haiyuan Fault has accumulated strain at a higher rate than the
western segment. Hence, the slip rate of the Haiyuan Fault might
not be uniform along the segments S1-52 and S3-54.

Ren Z K et al.: Different earthquake patterns within the Haiyuan Fault zone
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Figure 2. (a) The offset and normalized COPD distribution measured from the airborne LiDAR data along the Haiyuan Fault zone, and the
corresponding five events deduced from the COPD distribution. The color bar shows the value of the COPD. The red dots represents the offset
measured in this study, the green dots show the offset measured in field by Deng et al. (Deng QD et al., 1986) (Modified from (Ren ZK et al., 2016)).
The derived coseismic offset (b) and the inter-event strain accumulation rates (c) of event |, II, Ill, IV and V. The average releasing rate over multiple
seismic cycles derived from geological offset and corresponding paleoseismic data along the Haiyuan Fault. The timing of each event is from the
paleoseismic data (IGCEA and NSBCEA, 1990; Liu B et al., 1995; Min W et al., 2001; Ran YK et al., 1997; Zhang PZ et al., 1988b, 2005). The black
triangles, pink triangles, blue diamonds, light blue rectangles and orange dots represent the accumulation rates for the five earthquakes
corresponding to the offset clusters, among which, the black triangles indicate the most recent one—the 1920 Haiyuan earthquake. Dashed lines
show the errors.
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Figure 3. The inter-event strain accumulation rate variation between each successive two events. The inter-event strain accumulation rate
variations between events | and Il (a), events Il and Il (b), events lll and IV (c), events IV and V (d). Thick colored lines and polygons show the inter-
event strain accumulation rate for event | (black), event Il (pink), event lll (blue), event IV (light blue), and event V (orange).

The third possibility is that the strain accumulation rate varies but,
in addition, its release is not incomplete; if so, the spatial variation
is meaningless, i.e., the rupture pattern on the Haiyuan Fault can-
not be discovered using slip and time information of past earth-
quakes.

Our results suggest that, in general, the inter-event strain accumu-
lation rate on the Haiyuan Fault varies through time. There is an
anti-correlation between each two successive events on seg-
ments S3-54 (Figure 3), which might be related with previous de-
ficits or surpluses of slip on the fault. This finding indicates that
the occurrence of past strong earthquakes and consequent post-
seismic status of the fault zone will affect the slip in the next
earthquake. For example, if the slip for the previous earthquake is
low, then we predict that slip will be higher in the next event, and
vice visa, which has also been found in inversion studies of the slip
balance during the seismic cycle (Wang LF et al., 2015, 2017).

Our observations indicate that inter-event strain accumulation on
fault segments S1-S2 are low when accumulation rates are relat-
ively high on segments S3-54 (Figure 3). Temporal variations may
suggest that the high accumulation rates for events lll and V are
due to the low accumulation rates for events Il and IV, respect-
ively. Overall, our findings indicate the inter-event strain accumu-
lation rates are both spatially and temporally varying on the
middle segment of the Haiyuan Fault, which might reveal a kind
of rupture pattern. However, along the western segment, the
inter-event strain accumulation rate is relatively stable (Figure 4).

According to characteristic earthquake models, the inter-event
strain accumulation rates should be both spatial and temporally
constant. In a characteristic slip model, inter-event strain accumu-
lation rates should be spatially constant along fault segments and
temporally variable between earthquakes. By illustrating the aver-
age co-seismic slip and corresponding ages, we were able to find

that the earthquake recurrence behavior differs for the western
and middle segments (Figure 4). The earthquake recurrence pat-
tern on the western segment is quasi-periodic (Scharer et al,,
2010) and appears to follow a slip-predictable model (Shimazaki
and Nakata, 1980). However, the earthquake recurrence pattern
on the middle segment is more random, and does not conform to
characteristic, slip-predictable, or time-predictable models
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Figure 4. The plots show the cumulative offsets and corresponding
ages of the five events (from young to old) on western and middle
segments. Red lines show the results of western segment and blue
curves show the results of middles segment. The red lines indicate the
earthquake recurrence pattern on western segment is quasi-periodic,
following slip-predictable (upper bound) and time-predictable
models (lower bound), which roughly following characteristic
earthquake model. The blue lines indicate earthquake recurrence
pattern one middle segment is chaotic, neither following slip-
predictable nor time-predictable models.
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(Schwartz and Coppersmith, 1984; Shimazaki and Nakata, 1980).
Hence, our finding suggest that the earthquake recurrence beha-
vior varies for different segments even within a single fault zone.

6. Conclusions

We analyzed the inter-event strain accumulation history of past
five earthquake cycles on the Haiyuan Fault using combined pa-
leoseismic and offset data derived from airborne LiDAR data. By
using coseismic offset and corresponding accumulation times of
each event, we obtained the inter-event strain accumulation rates
for each event. The rates are relatively constant at ~3-5 mm/a on
the western segment but range from ~3-5 mm/a to ~10-15 mm/a
along the middle segment. The earthquake recurrence pattern is
quasi-periodic on the western segment, consistent with slip-pre-
dictable model; on the middle segment of the Haiyuan Fault,
however, the observed pattern agrees better with random slip
variable models. It is not advisable to extrapolate these observa-
tions as predicting more or less hazard on various fault segments,
because we do not know how big the tectonic store of strain may
be (one could get two large events followed by a smaller one, for
example); a 3 m slip may be just as destructive as a 6 m slip along
a given segment of fault. Finally, we propose that different earth-
quake models may be appropriate for the western and middle
segments within the Haiyuan Fault zone, a finding that might
shed new light on past and future earthquake pattern studies.
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