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Abstract Despite the importance of viscoelasticity in the evolution of crustal stress/strain being
widely recognized, the interpretation of interseismic geodetic measurements for assessing earthquake
potential is still based overwhelmingly on elastic models. The reasons for this disparity include conflating
deformation rates with deformation itself and the lack of a succinct representation of the seismic
readiness of a locked fault in a viscoelastic Earth. Using a classical viscoelastic model for strike-slip
faults, we reiterate the commonly overlooked message that, if the recurrence interval is long, most of

the strain energy for the next earthquake accrues early in the cycle, and low strain rates later in the cycle
by no means indicate diminished rupture potential. Fault stress stays near failure for much of the late
interseismic period which may explain why slow slip-rate faults have more variable recurrence intervals
than fast slip-rate faults. We propose to use displacement deficit instead of slip deficit to represent seismic
readiness.

Plain Language Summary Modern satellite measurements can reveal how quickly faults
are being loaded by tectonic plate motions, and seismic hazard models use these loading rates as proxy for
the likelihood of a pending earthquake. However, because of the partially fluid-like behavior of Earth's
interior, these loading rates have actually evolved with time since the last rupture. For faults with long
intervals between successive earthquakes, these rates slow down substantially as the next event draws
near. We, therefore, caution that slow rates of loading should not be assumed to reflect limited earthquake
potential.

1. Introduction

Geodetic measurements of crustal deformation complement earthquake records and paleoseismic evidence
in the evaluation of the seismic potential of locked faults. However, because geodetic measurements only
constrain strain rate but not the accumulated strain that will propel the next earthquake, their relevance to
seismic potential is questionable.

A link between deformation rates and seismic potential can be made if interseismic deformation is modeled
assuming an elastic Earth. For example, in the elastic dislocation model of a locked strike-slip fault (Savage
& Burford, 1973; Figure 1a), fault-parallel velocity V (x) at the surface, being constant with time (> 0) from
the last earthquake (Figure 1b), is a scaled mirror image of coseismic deformation (Figure 1c). Because dis-
placement U x,t)=V x)z, the seismic readiness of the fault for the next earthquake can be characterized by
its slip deficit S = V, ¢, where V, is the geological slip rate of the fault (Figure 1a). At the end of an earthquake
cyclet = T, S reaches its theoretical maximum U, = V,T, and the fault is fully ready for an earthquake. The
same applies to the thrust fault model shown in Figure Sla (Savage, 1983).

It is now beyond any doubt that the Earth exhibits viscoelasticity in earthquake cycles (e.g., Chuang & John-
son, 2011; Hearn & Thatcher, 2015; Johnson, 2013; Meade et al., 2013; Takeuchi & Fialko, 2012; K. Wang
et al., 2012; Zhu et al., 2020). In a viscoelastic Earth, the deformation rate changes with time throughout the
interseismic period so that the interseismic velocity pattern may not resemble a mirror image of coseismic
deformation, and the slip deficit S may not be an appropriate metric of seismic readiness. However, despite
broad applications of viscoelastic models in interpreting postseismic deformation, the interpretation of
interseismic deformation for earthquake potential is still based overwhelmingly on concepts derived from
elastic models as outlined in the preceding paragraph.
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Figure 1. Two-dimensional earthquake-cycle models for a vertical strike-slip fault with geological slip rate V, and
periodic earthquakes at interval T with slip U, = V,T. (a) Elastic dislocation model (not to scale). (b) Fault-parallel
surface velocity from the model in (a). (c) Similar to (b) but for surface displacements at the mid- and late-interseismic
stages. (d) Viscoelastic model (not to scale). Shown model dimensions are for the finite element modeling in this work.
(e) Fault-parallel surface velocity from the model in (d) at two interseismic stages for two different values of 7/z,,. (f)
Similar to (e) but for surface displacements. Displacements at =7 are the same for any value of 7/r), and identical to
that in (c).

We think that the peculiar tenacity of elastic models is due to two primary reasons. The first reason is a
conflation of deformation rate with deformation itself by researchers; geodetic velocities and strain rates
are somehow thought to represent the strain required by future seismic rupture. The second reason is the
absence of a succinct alternative to the slip deficit concept to quantify the seismic readiness of faults in
viscoelastic models. There are other minor reasons such as the similarity between viscoelastic and elastic
models in the case of short recurrence intervals (Zhu et al., 2020) and the convenience of inverting geodetic
data to infer fault locking state using elastic models. In this study, we address the two primary reasons by
revisiting a classical viscoelastic earthquake-cycle model that is comparable to the dislocation model in
Figure 1a in terms of simplicity. We reiterate the commonly overlooked message that, if the earthquake
recurrence interval is long or if the viscosity beneath the elastic layer is low, deformation rates become very
low toward the end of the interseismic period, but these low rates by no means lessen the fault's ability to
produce a large earthquake soon. We also propose a new term, the Relative Displacement Deficit (RDD), as
a better alternative to slip deficit.

2. Earthquake Cycles in a Viscoelastic Earth
2.1. Velocity Versus Displacement

Shown in Figure 1d is the classical viscoelastic earthquake-cycle model for a strike-slip fault featuring an
elastic plate of thickness H overlying a uniform Maxwell viscoelastic half space with viscosity #,,. Although
analytical solutions are available (Nur & Mavko, 1974; Savage & Prescott, 1978), we use a numerical (finite
element) version with dimensions shown in Figure 1d for the ease of explicitly applying boundary loading
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conditions. A similar model for a thrust fault is shown in Figure S1d. The Maxwell relaxation time of the
substrate is 7,, = 1,,/u, where  is rigidity which is assumed to be uniform in the model. For ¢ = 31.7 GPa
and 7, =5 x 10" Pa s, 7,, = 50 years. The Poisson's ratio is assumed to be 0.25 uniformly. The symmetric
system is driven from the far-field boundaries by a constant velocity +0.5V,. The fault (at x = 0) is locked
from the surface to depth D but ruptures the same depth range at recurrence interval T with coseismic slip
U, = V,T. Despite the simplifying assumptions such as D = H and T being constant for the sake of mathe-
matical convenience, the physical insights communicated by this model apply to more realistic situations.
For details of the modeling procedure, three-dimensional effects, and/or more complex rupture histories
see Zhu et al. (2020).

In contrast to the elastic model, surface velocity in the viscoelastic model is not constant with time (Fig-
ure le), and surface displacement is not a linear function of time (Figure 1f). The deformation field depends
on the ratio 7/r,,. For understanding the effect of rheology, it is convenient to imagine a constant T and
examine how the deformation is affected by 7). To connect to real faults, it is usually more useful to imagine
a constant 7y, and examine how the evolution of deformation differs between different lengths of T.

If T is long or 7y is small, the velocities are much lower later in the cycle (Figure 1e, blue solid line), but
more displacement is accrued earlier in the cycle (Figure 1f, blue dashed line). The earthquake-cycle model
for a thrust fault shows the same behavior but in terms of fault-normal velocities and displacements (Fig-
ures Sle and S1f). Because of cycle-invariance, the displacement at the end of the cycle U( x, T ) is a mirror
image of coseismic displacement (Figure 1f). Because coseismic deformation is elastic and hence identical
to that of the elastic dislocation model, U (x, T) in Figure 1f is also identical to that in Figure 1c, independent
of T/t,,. This “final” displacement distribution has the familiar arctan shape:

U, X
U(x,T) = arctan R 1)
The rheological structure shown in Figure 1d is the simplest possible with the fewest parameters for the
purpose of this study. It is ideal for our purpose because it is the most conservative in illustrating the vis-
coelastic effect in a two-dimensional (2-D) setting. The viscoelastic effect is more pronounced for greater
T/t,,. Although Equation 1 always holds, adding other rheological complexities, such as transient rheology,
nonlinear rheology, and a velocity-strengthening segment or low-viscosity shear zone below the brittle fault,
will hasten stress relaxation early in the interseismic period. The effect is qualitatively similar to reducing
7y and hence makes the viscoelastic effect even stronger. The performance of some of these more complex
models in terms of deformation rates can be seen in the work of Zhu et al. (2020).

2.2. Strain/Stress Rate Versus Strain/Stress

It is convenient to use the following normalized engineering shear strain rate I, at the surface and at the
fault trace (the slope of the velocity curve at x = 0 in Figure 1e) to represent the rate of energy buildup
toward the next earthquake,

- o
I, (1) =V206—: 2)

The corresponding normalized shear strain (the slope of the displacement curve at x = 0 in Figure 1f) is

D oU
1"o (t ) = U_oa (3)
The evolution of T, and T, in an earthquake cycle for selected 7/z,, ratios is shown in Figures 2a and 2b,
respectively, in comparison with elastic model predictions. Their dependency on 7/z,, is illustrated in Fig-
ures 2c and 2d for selected time points. The maximum value of T, is 7~ and occurs at the end of the cycle.
It is independent of 7/z,, and can be determined from Equation 1. For smaller 7/z,,, the interseismic strain
and its rate are more similar to those of the elastic model. However, the longer the recurrence interval (or
the lower the viscosity), the more strain is accrued earlier in the cycle, making up the “deficiency” due to
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Figure 2. Normalized shear strain I}, since the last earthquake or its rate I', (Equations 3 and 2, respectively) at x =0
in the model shown in Figure 1d. Stress or its rate is obtained by multiplying I', with uU,/D or T, with uVy/D,
respectively. (a) and (b) Evolution of I, and Ty, respectively, in an earthquake cycle. Predictions of the elastic model
(Figure 1a) are shown for comparison. (c) and (d) I, and Ty, respectively, at three interseismic time points for different
T/z,, ratios. At =T, T, = 7", the same as in the elastic model and independent of T/z,,, as is also obvious in (b).

slower deformation later in the cycle. For a dipping thrust fault, the relevant metrics are fault-normal nor-
mal strain and its rate averaged over a distance interval. For an averaging interval 0-5D, the normal strain
Qsp and its rate Q;, are shown in Figures S2. They show the same behavior as I, and T, .

Multiplying T, U, /D or I',V, /D with u gives the incremental shear stress or its rate of increase, respectively,
at time ¢ since the last earthquake. For example, for U, = 10 m, D = 20 km, and # = 31.7 GPa, the maxi-
mum I, represents an incremental shear stress about 5 MPa, comparable to commonly observed values of
earthquake stress drop.

The strain (or stress) depicts the elastic strain energy already stored in the system and is what matters to
the next earthquake. Given viscosity, for long recurrence intervals, most of the stress buildup occurs earlier
in the interseismic period. When the stress is high enough to drive the fault to failure, its rate of increase
can be very low. Therefore, geodetically observed low rates of deformation do not necessarily indicate lower
likelihood of a pending earthquake. The idealized models in Figures 1d-1f (or S1d-S1f) and Figure 2 (or S2)
show the opposite: For a locked large fault with a long recurrence interval, lower deformation rates (normal-
ized by V) signal greater immediacy of the next earthquake.

2.3. Slip Deficit Versus Displacement Deficit

As mentioned in the Introduction, slip deficit § = V,¢ as a measure of seismic readiness is based on the
assumption of an elastic Earth in which strain energy accumulates linearly with time. For example, if the
present time is 1 =0.57, then § = 0.5U,. Viewed in a “slip-predictable” framework (Shimazaki & Naka-
ta, 1980), the fault is ready for a seismic slip 0.5U,. Viewed in a “time-predictable” framework (Shimazaki
& Nakata, 1980), the fault needs to build up slip deficit for another 0.5T to prepare for a seismic slip U,.
Figure 2 (or S2) serves to remind us that in a viscoelastic Earth the accumulation of strain energy is not
linear with time.
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Figure 3. Relative Displacement Deficit (RDD) for a locked strike-slip fault (Equation 4). (a) Evolution of a near-field RDD (R;p) and a far-field RDD (Ryop) in
an earthquake cycle for three 7/z, ratios. The gray line is from the elastic model (Figure 1a). (b) Variations in RDD with fault-normal distance at s = 0.17 and
0.5T for the same three 7/t , ratios as in (a). (¢) R,p and Ryop at the same two interseismic time points as in (b) for a wide range of 7/z ), ratios.

For a strike-slip fault that can be represented by the model in Figure 1d, a better metric of seismic readiness
is RDD R,, defined as

R (1) = U(x1) (€]

It is the displacement at time ¢ since the last earthquake at location x as a fraction of the final displacement
at the end of the cycle. Obviously, the classical slip deficitis S = U,R,, (t) (in our specific numerical model,
R, = Ry,p). U (x,T), given by Equation 1 and shown in Figures 1c and 1f, is independent of 7/z,, and there-
fore is a good common reference.

For three selected 7/z,, ratios, Figure 3a shows the evolution of R,p and Ryp in an earthquake cycle, and
Figure 3b shows the spatial distribution of R, at =0.17 and 0.57. Even though U (O,T) = 0, Text S1 shows
that RDD is a continuous and smooth function of x at the fault trace, and as x — 0, R, (1) — T, (¢)/T, (T).
The near-fault behavior of R, (z) makes the near-field RDD such as R;p or R,p a good representation of the
strain energy accrued since the last earthquake. The reason why RDD is preferred over I', is that it can be
derived at any distance from the fault (Figure 3b). The near-field and far-field RDDs together characterize
the deformation evolution of the larger system.

Figure 3c illustrates how R,p and R,op for a given t depend on T7/r,. For very small 7/z,, ratios,
R.U, = R,U, = S, and it is valid to use the elastic model. For a large 7/z,, such as 20, R,p is already 85% at
t=0.5T, indicating that the fault is much more ready to fail than portrayed by a 50% slip deficit.

The RDD is based on a 2-D model and works better for long faults, although near-field RDD values are less
affected by the 2-D assumption. In Figure S3, we display “type curves” similar to those in Figure 3a for a
large range of 7/z,, values and a number of selected x values. To estimate the RDD from Figure S3 for a given
time since the last earthquake, one needs the knowledge of rigidity and viscosity (and hence 7)), in addition
to the commonly used fault parameters such as V,, T, and D.

3. Real-World Implications
3.1. Large Strike-Slip Faults

The models shown in Figure 1 can often be directly compared with real observations around large strike-
slip faults. The Global Navigation Satellite Systems (GNSS) observations around two long-recurrence strike-
slip faults in China from M. Wang & Shen (2020) are shown in Figure 4.

The >1,500 km long left-lateral Altyn Tagh Fault (ATF) exhibits along-strike variations in recurrence be-
havior, with the eastern part experiencing less frequent seismic rupture (Shao et al., 2018; Yuan et al., 2018).
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Figure 4. Observed and model-predicted interseismic deformation around two large strike-slip faults in China.
The GNSS data and their one standard deviation error bars are from M. Wang and Shen (2020). 7) = 50 years in the
viscoelastic models (black curves, line style defined in (d)). (a) Map of China showing the locations of the two faults
and map areas of (b) and (c). (b) and (c) Study areas of the Altyn Tagh Fault and Yishu Fault. GNSS data within the
black rectangle are projected to a fault-normal profile shown in (d) and (e). (d) and (e) Fault-parallel component of
GNSS velocities with respect to the fault trace in comparison with model results. Model parameters are shown in (f)
and (g). The gray curve is from the elastic dislocation model (Figure 1a). (f) and (g) Displacements from the same
viscoelastic models as in (d) and (e), respectively, and RDD at ¢ = 0.57 (red).

We pick the same fault-normal corridor as in Li et al. (2018) (Figure 4b) in the eastern part. The fault-par-
allel component of the GNSS velocities from this corridor is shown in Figure 4d. Here T is estimated to
be ~1,500 years (Shao et al., 2018), and V, from various geological studies ranges between 7.0-17.8 mm/
yr (Y. Chen et al., 2012, 2013; Mériaux et al., 2005; Xu et al., 2005; Zhang et al., 2007). The elastic model
(Figure 1a), with an average , = 11 mm/yr and a reasonable locking depth such as D = 20 km, is far from
explaining the GNSS data (Figure 4d). It is not known when this segment last ruptured. Assuming we
are presently somewhere between the mid-interseismic and late-interseismic stages, the viscoelastic model
(Figure 1d) is more consistent with the observations (Figure 4d), although an exact fit cannot be obtained
due to the simplicity of the model. If so, a large near-field RDD has been accumulated at present, evincing
ample elastic strain energy for seismic rupture (Figure 4f).

For the right-lateral Yishu fault (Figure 4c), values of V, = 2.6 mm/yr and T = 4,000 years are consistent
with estimates from geological studies (Jiang et al., 2017). This fault produced the Tancheng earthquake in
1688, which is erroneously labeled as having a magnitude of 8.5 in the literature. More realistic parameters,
especially the observed short rupture length, yield a moment magnitude (M,,) of about 7.5 (Zhu et al., 2020).
Its geodetic signature today is very small and can be ignored in this discussion. If we assume that the fault
is at the mid-interseismic to late-interseismic stage of its cycle of much larger earthquakes, the viscoelastic
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model is much more compatible with the GNSS observations than is the elastic model (Figure 4e). Similar
to the ATF, the model implies a large near-field RDD (Figure 4g).

There are other long-recurrence strike-slip faults that show very slow strain rates but probably have accu-
mulated much energy to produce a large rupture. One example is the Garlock Fault in California which
has an estimated V, of 5-14 mm/yr and an average T of about 1,000 years (Dawnson et al., 2003; Dolan
et al., 2016; Ganev et al., 2012; Madden Madugo et al., 2012). It is late in its earthquake cycle, and geodetic
deformation rates appear to be very small (Chuang & Johnson, 2011; Rittase et al., 2014; Shen & Liu, 2020).
A quantitative interpretation of the geodetic data would require detailed corrections for the effects of other
nearby faults and is beyond the scope of this study, but it is worth pointing out that the low rate of deforma-
tion is compatible with a high near-field RDD.

3.2. Other Faults

Except for large strike-slip faults that are not strongly affected by other nearby faults, quantitative compar-
isons with actual observations would require addressing many other structural and kinematic details not
included in the simple models discussed in this study. However, the fundamental concept illustrated by the
simple models can help us understand first-order patterns of many observations.

Modeling interseismic deformation at subduction zones requires a realistic model structure and, in most
cases, three-dimensional models (K. Wang et al., 2012). But the simple thrust model in Figure S1d is still
qualitatively useful. The margin-normal geodetic contractile strain rates at the Cascadia subduction zone
are generally less than 0.1 x 10~%/yr (e.g., McCaffery et al., 2007). In comparison, at similar distances
from the trench, the rates at the Nankai subduction zone are typically two or three times as high (Sagiya
et al., 2000). Cascadia shares a similar subduction rate with Nankai and a similar thermal regime that
controls the seismogenic depth of the megathrust, but its recurrence interval of megathrust earthquakes
is longer by a factor of 5 and the last event (in 1700) preceded those at Nankai (in 1944 and 1946) by about
250 years (K. Wang, 2000). The present low rate of deformation at Cascadia is mostly a consequence of its
being at a late stage of a relatively long interseismic period and does not imply lower likelihood than Nankai
for a pending great earthquake.

The Longmenshan Fault in south-central China exhibits oblique-thrust motion with V, ~ 3 mm/yr (Ma
et al., 2005) and, T ~ 4,000 years (Burchfiel et al., 2008). In 2006, extremely low geodetic strain rates ob-
served in this area led the Chinese geodetic community to conclude that this part of the Longmenshan Fault
would not produce a large earthquake in the near future (Q.-F. Chen & K. Wang, 2010; Research Group of
the China Earthquake Administration, 2007). But the fault ruptured in 2008 and caused the devastating
M, = 7.9 Wenchuan earthquake. The simple models in Figures 1d and S1d cannot quantitatively simulate
the interseismic deformation before the Wenchuan earthquake because of the complex kinematics of the
Longmenshan Fault and the “contamination” of the GNSS observations caused by neighboring fault sys-
tems (M. Wang & Shen, 2020). However, on the basis of what is learned from these models, we can argue
that the pre-earthquake low strain rates are entirely consistent with the fault's being at the end of its very
long interseismic period. Geodetic observations could not detect the large elastic strain already stored in the
crust that was looming over the local population.

3.3. Recurrence Irregularity

The constant T assumed in the above discussion is for mathematical convenience, but it is not a necessary
condition for the main physical process demonstrated by the model results. Given 7y, even if T is not a con-
stant, as long as the average recurrence interval of recent earthquakes is long, the behavior of the fault is still
well represented by the models of high 7/z,, shown in Figures 2 and 3. Suppose we were at the stage r = 0.5T
of the ATF and wished to speculate the time of the next earthquake without the requirement that it must be
att=T. At this stage, RDD > 91% within 2D of the fault (Figure 4f). Because failure stress can fluctuate from
earthquake to earthquake due to spatiotemporal heterogeneities in fault structure and pore fluid pressure
and due to perturbation by nearby earthquakes or other tectonic events, an earthquake may occur before
R,p reaches 100%. It may even occur when R;,p slightly exceeds 91%, that is, anytime soon.
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Therefore, the acquisition of a high near-field RDD early on in the interseismic period combined with the
natural randomness in failure stress should give rise to wide fluctuations in temporal spacing between
successive earthquakes. This helps explain why faults with infrequent rupture exhibit greater variability in
recurrence behavior than faults with frequent rupture (Berryman et al., 2012). At the Cascadia subduction
zone that is characterized by infrequent but giant (M,, ~ 9) earthquakes, the recurrence interval is much
more irregular (Atwater & Hemphill-Haley, 1997; Goldfinger et al., 2017) than at the Nankai subduction
zone that is characterized by more frequent M,, ~ 8-8.5 earthquakes (Ando, 1975). These two subduction
zones have similar convergence rates, but in general, more frequent rupture tends to be associated with
faster V.

4. Conclusions

Using a simple earthquake cycle model, we clarify the implications of interseismic geodetic observations to
the evaluation of earthquake potential of locked active faults in a viscoelastic Earth. These measurements
only constrain the rate of deformation but not the strain energy already stored around a fault for the next
earthquake. Given viscosity, if the earthquake recurrence interval is long, most of the energy for the next
earthquake is accumulated in the early part of the interseismic period, represented by a high value of near-
field RDD, and deformation rates decrease to a minimum toward the end of the period. The observed low
rates of deformation do not imply low likelihood of a large earthquake. On the contrary, in some situations,
a lower rate may imply greater immediacy of the next earthquake. Jointly interpreting geodetic data with
paleoseismic and historical constraints in the viscoelastic framework will prove to be the most informative
approach.

Data Availability Statement

No new data are used in this work. GNSS data displayed in Figure 4 are available through M. Wang &
Shen (2020).
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