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Abstract Aseismic creep events have been observed along the San Andreas Fault since the 1960s; yet,
the fault properties that create these events still need to be identified. Here, we examine creepmeter data
from events at Harris Ranch, CA, at the northern end of the San Andreas Fault’s creeping section. We assess
how well different rheological models describe the displacement-time evolution of surface-rupturing creep
events. Using a basin-hopping approach, weminimise themisfit between the observed creepmeter data and
predictions from five plausible rheological models for near-surface fault slip: 1) rate and state friction near
steady state, (2) rate and state friction above steady state, (3) rate and state friction below steady state, (4)
power-law flow, and (5) linear flow. We find most events are best fit by either a power-law flow or by rate and
state friction below steady state. ”Standard” velocity-strengthening friction models do not match the data
well. This initial test of the rheologies could have one of several implications: (1) power-law creep somehow
dominates even at near-surface conditions, (2) the near-surface is weak and mostly tracks the rheology of
evolving slipatdepth, or (3) amorecomplex rheology is required, perhaps includingdilatancyorporepressure
evolution.

Non-technical summary Bursts of slip, or creep events, along the SanAndreas Fault have beenob-
served since the 1960s; however, it remains unclear what causes them to occur. To determine what is driving
creep events, we compare the shape of creep events to five differentmodels: (1) a frictional model where sur-
face contacts change very slowly, (2) a frictional model where surface contacts break down quickly, (3) a fric-
tionalmodelwhere surface contacts strengthen, (4) a power-law flowmodel, and (5) a linear flowmodel. Most
creep events are best described by a power-law flow or a frictional model where surface contacts strengthen.
These results suggest additional work is required to understand the driving physics behind creep events, po-
tentially incorporating more complex physical models than tested here.

1 Introduction
Aseismic creep along the 175 km-long central San An-
dreas Fault has been observed since the 1960s (Stein-
brugge and Zacher, 1960; Tocher, 1960; Whitten and
Claire, 1960). The aseismic slip along this creeping sec-
tion occurs via slow, steady slip that is punctuated by
a few-mm bursts of slip, known as creep events (e.g.,
Gittins and Hawthorne, 2022; Gladwin et al., 1994; Na-
son et al., 1974; Schulz, 1989). These creep events last a
few hours to days and recur every few weeks or months
(e.g., Gittins and Hawthorne, 2022; Gladwin et al., 1994;
Schulz, 1989; Wei et al., 2013; Wesson, 1988).
Since Tocher (1960) first observed creep events, there

have been various attempts to understand their be-
haviour. Researchers have estimated creep events’
rupture extents (e.g., Bilham and Behr, 1992; Bilham
et al., 2016; Burford, 1977; Evans et al., 1981; Git-
tins and Hawthorne, 2022; Gladwin et al., 1994; Goulty
and Gilman, 1978; King, 2019; King et al., 1973; Na-
son and Weertman, 1973; Mchugh and Johnston, 1976;

∗Corresponding author: tees.seis96@gmail.com

Mortensen et al., 1977; Slater and Burford, 1979) and
have examined creep events’ associations with rainfall
(e.g., Roeloffs, 2001; Roeloffs et al., 1989; Schulz et al.,
1983) and seismicity (e.g., Harris, 2017; Hirao et al.,
2021; Khoshmanesh et al., 2015; Lyons and Sandwell,
2003; Nadeau andMcEvilly, 2004; Thurber and Sessions,
1998).

Researchers have proposed several physical and rhe-
ological models to address the fundamental mystery of
creep events: why slip accelerates but then stalls at
low slip rates (e.g., Bilham and Behr, 1992; Nason and
Weertman, 1973; Scholz, 1998; Slater and Burford, 1979;
Wei et al., 2013; Wesson, 1988). Of particular interest
here are some proposed rheological models — relation-
ships between slip rate and fault strength — that could
explain why creep events are always slow (e.g., Crough
and Burford, 1977; Nason andWeertman, 1973; Scholz,
1998; Wei et al., 2013; Wesson, 1988).

In this study, we assess five proposed relationships
between slip rate and strength — five rheological mod-
els — by examining the temporal evolution of slip dur-
ing creep events. We assess whether the proposedmod-
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els predict slip evolution similar to that observed on sur-
face creepmeter recordings.
The rheological models we test are (1) rate and state

friction near steady state (at a constant state rate, θ̇ ≈ a
small constant), (2) rate and state friction above steady
state (in a decreasing state regime, θ̇ < 0), (3) rate and
state friction below steady state (in a healing regime,
θ̇ ≈ 1), (4) power-law flow, and (5) linear flow. Each
of the proposed slip rate-strength relationships is mo-
tivated by plausible rock properties and conditions. For
instance, we might expect near-steady state frictional
sliding if the near-surface fault is frictional and slip
rates change slowly.
By assessingwhich rheologicalmodels canmatch the

data, we can take a step toward a physical understand-
ing of creep events. Our assessment will, however, be
constrainedbyadesire for simplicity. In this step toward
physical understanding, we will use analytical models
of slip that represent the rheologies’ outcomes only in
certain scenarios. These scenarios usually consider slip
after a “kick”: a step in stress, as described further in
Section 3. Our modelling allows minimal spatial com-
plexity in the creep event, and we return to this con-
straint in the discussion.
We describe the creepmeter data and event selection

in Section 2, discuss the five rheological laws in Section
3, and describe how we fit these models in Section 4.
We determine the percentage support of each rheology
in Sections 5 and find that the two best-fitting rheologi-
cal laws are a power-law flow model and rate and state
friction below steady state (in a healing regime). Both
of these rheologies turn out to be surprising, given our
physical intuition for creep. In Section 6, we discuss the
best-fitting model parameters, and in Section 7, we dis-
cuss the implications of the best-fitting rheologies for
the driving mechanisms of creep events.

2 Data
Weuse creepmeter data from two iterations of theUSGS
creepmeter XHR at Harris Ranch, 11 km south of San
Juan Bautista, CA (Figure 1), to investigate the driving
rheology for creep events. The XHR2 iteration oper-
ated between 1991 and 2005 and was replaced by XHR3,
which operated between 2009 and 2019. Each of these
creepmeter iterations records at a sampling frequency
of 10 minutes.
We use the creep event catalogue of Gittins and

Hawthorne (2022) to identify and extract 113 creep
events within the creepmeter record at XHR. These
creep events typically last a few hours to days and
have displacements of a few millimetres (Gittins and
Hawthorne, 2022; Schulz, 1989). Figure 2 shows an ex-
ample of a creep event recorded in December 1997,
illustrating some of the key characteristics of creep
events recorded at XHR. The majority of creep events
at XHR have a sharp onset with little preamble (e.g.,
Bilham et al., 2004; Wesson, 1988). The gradient of
the displacement-time curve is quite steep following
this sharp onset but then rapidly decreases around the
‘bend’ of the creep event. After this sharp bend, little
to no slip is recorded on the creepmeter, indicating the

end of the creep event.
About two thirds of the creep events recorded at XHR

actually have multiple phases of slip — multiple steps
in the record (Bilham and Behr, 1992; Gladwin et al.,
1994; Schulz, 1989; Wesson, 1988) — but for simplicity,
wemodel only the 50 events that have one phase of slip.
This subset of 50 events occurs across the whole time
frame between 1991–2019 and does not show clustering
in time.

3 Rheological Laws

3.1 General model: response of a velocity-
strengthening fault to a kick in stress

Sections of faults near the surface are often found to
be velocity-strengthening; fault strength typically in-
creases with increasing slip rate (e.g., Marone et al.,
1991; Scholz, 1990; Wei et al., 2013). As a result, near-
surface fault sections—creeping sections—are thought
to resist accelerations in slip. It thus seems plausible to
imagine that in the absence of perturbations, the near-
surface creeping sectionwould slip at a steady rate close
to plate rate, ≈ 10-9 ms-1.
However, the stably sliding portion of the fault can

receive an increase in stress from elsewhere, per-
haps from above, in the form of rainfall-induced pore-
pressure changes (e.g., Helmstetter and Shaw, 2009;
Kanu and Johnson, 2011) or from below, from some
slip at depth (e.g., Bilham and Behr, 1992; Gittins and
Hawthorne, 2024; Slater and Burford, 1979). In this
case, the fault may accelerate in response to the im-
posed stress. However, if a velocity-strengthening fault
slips faster, its strengthwill increase, leading to a higher
resistance to slip. That resistance stops acceleration
and causes the fault to slow down. This acceleration
and subsequent relaxation of the fault following a step
increase in stress forms the basis of the ‘kick’ hypothesis
for creep events.
The displacement in a creep event that arises from a

‘kick’ in stress depends on the fault zone rheology and
the state of the fault when the kick occurs, i.e., on how
well healed the fault is. We aim to determinewhich rhe-
ology and stress state best describes the displacement
evolution of creep events.
Wemodel the displacement evolution of creep events

produced through different combinations of rheologi-
cal laws and stress states. Here, we test three rheologi-
cal laws: (1) rate and state friction, (2) power-law flow,
and (3) linear flow. When testing the rate and state fric-
tion law, we must consider three scenarios, as the dis-
placement evolution depends on how well-healed the
fault is relative to its slip rate. These scenarios describe
(1) a near-steady-state fault, with healing that matches
the evolving slip rate, (2) an above-steady-state fault,
which is overly healed relative to its slip rate, and (3) a
below-steady-state fault, which is under-healed relative
to its slip rate. The scenarios are described further in
Section 3.3.1.
These combinations of rheological law and stress

state provide us with a total of five rheological mod-
els with which to try and explain the displacement evo-
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Figure 1 Map of the northern end of the creeping section of the central San Andreas Fault (yellow) and Calaveras Fault
(Brown). Other faults in central California are shown in grey. The USGS creepmeter XHR is the purple circle. Faults plotted
are from the USGS/California Geological Survey Quaternary faults and folds database (USGS and CGS, 2020). Inset shows the
map location in the wider context of California, with faults having the same colours as the main map.

lution of creep events: (1) rate and state friction near
steady state, (2) rate and state friction above steady
state, (3) rate and state friction below steady state, (4)
power-law flow, and (5) linear flow.
These rheological models are simple scenarios that

could produce creep events. More complexmodelsmay
better describe the evolution of slip in creep events;
however, they do not have simple analytical solutions.
Therefore, we test these simple models to see if any can
describe the displacement evolution of creep events,
providing a foundation for testing more complex mod-
els in the future.

3.2 Model component 1: Elasticity
The rheology of the patch is not the only determining
factor controlling how the slip rate evolves with time.
The elastic interactions of neighbouring fault patches
also affect the slip rate. Wewill consider a simplemodel
of elastic interactions. Here one patch of the fault slips
in creep events. It is surrounded by neighbouring re-
gions that slip at a steady rate. When the creep event
patch slips faster than its surroundings, stress is pushed
from thepatch to its neighbours. The stress on thepatch
decreases, and the stresses on its neighbours increases.
A reasonable estimate of the rate of change of stress

(τ̇ ) on the patch is given by a spring block slider model
(Figure 3), where

τ̇ = k(V − δ̇), (1)

Here V is the slip rate of the surrounding regions, and
δ̇ is the slip rate on the patch. k is an effective spring
stiffness, which is proportional to the shear modulus of
the material divided by the patch diameter (Dieterich,
1992; Perfettini and Avouac, 2004; Scholz, 1998).

3.3 Model component 2: Rate and state rhe-
ology

3.3.1 Rate and state definition

Now that we have amodel for elastic stress interactions,
we need a model for the local rheology of the fault: the
stress-slip rate relationship. Given that creep events oc-
cur at shallow depths and low temperatures (e.g., Bil-
ham and Behr, 1992; Gladwin et al., 1994; Wei et al.,
2013), it is plausible that frictional processes control
them. Here, we use the rate and state friction rheology
(Ruina, 1983), which empirically approximates a num-
ber of laboratory experiments, starting from those of
Dieterich (1979).
In the rate and state framework, the shear stress, τ , is

a function of the slip rate, V , and the ‘state’ variable, θ:

τ = σ

[
µ∗ + a ln V

V ∗ + b ln V ∗θ

Dc

]
, (2)

where σ is the normal stress, Dc is the characteristic
sliding distance, µ∗ and V ∗ are reference values of fric-
tion and slip rate, and a and b are the coefficients of the
direct and evolution effect, respectively.
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Figure 2 Example creep event recorded at XHR2 on 15th December 1997. Key features of the creep events recorded at XHR
are highlighted.

Figure 3 Spring block slider model.

The state variable θ can be thought of as an estimate
of fault healing—perhaps as an estimate of the lifetime
of small asperities on the fault surface, as θ has units
of time. Asperities that last longer tend to grow more,
andwhen asperities aremore numerous and bigger, the
fault is stronger, so a larger state θ implies an increase
in fault strength. Asperities, and thus θ, can evolve with
time and slip. Two evolution laws were proposed by Ru-
ina (1983) to describe the rate of change of θ with time
depending upon the slip rate, V , and a critical slip dis-
tance, Dc. The first of these is the aging law

θ̇ = 1 − V θ

Dc
, (3)

whichwas previously considered an appealing formula-

tionbecause it predicts that fault surfaces strengthenon
stationary contact, as was observed (e.g., Marone et al.,
1991). The second state evolution law is the slip law

θ̇ = −V θ

Dc
ln

V θ

Dc
, (4)

which does a better job than the aging law in modelling
large changes in slip rate on laboratory faults (Beeler
et al., 1994) andmay bewell suited to explaining the nu-
cleation phase of slip (Ampuero and Rubin, 2008).
In practice, the slip law can also model laboratory-

observed stress changes on apparent stationary contact
and is likely a better “default” choice for frictional mod-
elling (Bhattacharya et al., 2015, 2017). Unfortunately,
analytical approximations of stress variations are often
available only for the aging law (e.g., Helmstetter and
Shaw, 2009). We thus choose to choose to use the aging
law in thiswork; it is also a reasonable approximation of
laboratory-observed stress variations, particularly near
or below steady state (in the first and third scenarios be-
low.)

3.3.2 Summary of rate and state scenarios

If a rate and state fault slips for a long time at a constant
slip rate, it obtains a steady state in asperity distribution
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and healing: a value of θ consistent with long-term slip
at that slip rate. The steady state value of θ is smaller
for faster slip rates. One physical interpretation of this
small θ is as a decrease in the size of asperities on the
fault. Fault asperities are refreshed more quickly when
the fault slips faster. They may thus have less time to
grow and may be smaller, leading to a smaller θ.
However, if the fault slip rate changes abruptly,

the asperities—and thus θ—may not be able to evolve
quickly enough to remain near steady state. When we
model displacement evolution in response to kicks in
stress, we must note how quickly the stress changes. If
the stress increases only moderately quickly, the fault
asperity distribution will be able to change at the same
rate. The asperities and thus the state will remain close
to the “steady state” θ expected for the evolving slip rate
and stress. The increase in stress will thus give rise to a
fault that has relatively high stress but near-steady state
conditions. Our first rate and state model considers the
evolution of this fault, which turns out to follow the blue
arrow in Figure 4a (Section 3.3.3).
In contrast, if the stress increases very quickly, the

fault asperity distribution and thus the state θ may re-
main almost unchanged even as the fault stress and slip
rate increase. This will give rise to a fault that is “above
steady state”. It is effectively over-healed relative to its
slip rate. Our second rate and statemodel considers the
evolution of this fault, which turns out to follow the red
arrows in Figure 4 (V θ/Dc >> 1, Section 3.3.4).
Finally, we many consider a scenario where stress

decreases even as slip rate increases. Such a change
is most plausible on a velocity-weakening fault, as il-
lustrated in Figure 4b. This decrease may lead to a
fault that falls “below steady state,” as the fault becomes
under-healed relative to its slip rate. Our final rate and
state scenario considers this scenario, which turns out
to follow the brown arrow in Figure 4b (V θ/Dc < 1, Sec-
tion 3.3.5).

3.3.3 Scenario 1: Constant state rate near steady
state

Suppose the change in slip rate following an increase
in stress occurs slowly relative to the timescale for the
state evolution. This will give rise to a fault that is close
to steady state. It turns out that after the step in stress,
such a fault will follow a curve close to the blue arrow
in Figure 4a. It will remain close to but slightly below
steady state, with a nearly constant rate of increase in
state θ (Helmstetter and Shaw, 2009).
In this model, creep events at the surface should

record a near-steady-state relaxation following a step
change in stress. This process is similar to that of after-
slip. Within studies of afterslip, the system is often ap-
proximated to steady state (e.g., Helmstetter and Shaw,
2009; Montési, 2004), so that state is inversely propor-
tional to the slip rate.
Here, however, we use the slightly more complete

model, with a fault just a bit below steady state. In
this model, the displacement occurring following a
step change in stress evolves logarithmically with time
(Helmstetter and Shaw, 2009; Marone et al., 1991;

Scholz, 1990), such that

δ(t) = V0tssln
(

1 + t − t0

tss

)
, (5)

where
tss = σ(a − b)

kV0
. (6)

Here δ is the displacement, t is time, V0 is the initial slip
rate, tss is the characteristic time for displacement de-
cay, t0 is the initial time, and k is the spring stiffness
(Helmstetter and Shaw, 2009).

3.3.4 Scenario 2: Above steady state

It is also possible to havemore abrupt changes in stress.
Suppose a step in stress causes a near-instantaneous
change in slip rate. In this scenario, the “state” of the
fault — the lifetimes, and thus the size and number of
asperities — cannot change instantaneously. So, a large
step in stress causes a step in slip rate with little change
in state. This will give rise to a fault that is above steady
state, starting at the beginning of the red arrows in Fig-
ure 4. Subsequently, state decreases, and asperities get
smaller. The decrease in state causes a decrease in fric-
tional resistance, which helps drive slip.
Although the slip law (Equation 4) is better at describ-

ing how the system behaves well above steady state, in
this work, we use the aging law (Equation 3) following
previous work to define how displacement evolves fol-
lowing a large step increase in stress (e.g., Helmstetter
and Shaw, 2009; Rubin and Ampuero, 2005).
When the fault is well above steady state, the rate of

change of state θ̇ ≈ − V θ
Dc

(Dieterich, 1992; Helmstet-
ter and Shaw, 2009). If a creep event patch slips in this
regime, its displacement will accumulate as:

δ(t) = V0t1ln

(
1 −

( ta

t1

)(
1 − e

t−t0
ta

))
. (7)

Here t1 is given by

t1 = aσ

V0(k − kb) , (8)

with kb = bσ
Dc

and ta is given by

ta = aσ

τ̇l
. (9)

In Equations 7–9, ta is the characteristic time of loading,
t1 is the charcteristic time of decay, τ̇l is the loading rate
from the surrounding material, and kb is the character-
istic spring stiffness (Helmstetter and Shaw, 2009).
The above steady state regime does have a significant

drawback when describing the slip evolution of creep
events. As the fault slows down and state rate increases,
the fundamental assumption that θ̇ � 0, used to de-
rive Equation 7, no longer holds (Helmstetter and Shaw,
2009). This means that Equation 7 becomes invalid in
certain conditions, such as when the slip rate decreases
toward the loading rate of the surrounding material.
In Figure 2, the slip rate following the bend of the

creep event is low at ≈ 10-9ms-1, similar to the loading
rate. Therefore, the above steady state regimemay only
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Figure 4 Schematic plot of slip rate against stress showing different evolutionary paths in: a) a velocity strengthening
regime, and b) a velocity weakening regime. The beginning of each arrow is where the creep patch is assumed to start af-
ter the fault has received after the kick in stress. The slip and stress evolve following the arrows during the creep event. This
evolution is what wemodel here.

be valid in the early stages of the creep event and poorly
describe the displacement evolution at the end of the
event, where slip rates are low.

3.3.5 Scenario 3: Below steady state

In the above steady state regime, the asperity sizes are
getting smaller; θ is decreasing. However, it is also
possible that significant slip occurs while state is in-
creasing with time — when the fault is healing. Dur-
ing this healing phase, state increases; the lifetimes
and sizes of asperities get bigger. However, if the fault
slows down quickly enough—faster than asperities can
grow—the fault will end upwell below steady state, with
V θ/Dc << 1. Such a scenario is most plausible for a
velocity-weakening fault, following the brown arrow in
Figure 4b.
Such rapid deceleration might arise if the surface

creep event we observe is just the end of a larger slip
event that has propagated from depth. A velocity-
weakening patch could nucleate a slip event at depth,
which then propagates to the surface. By the time the
event reaches the surface, most of the moment release
in the event has already occurred. The whole system
then decelerates together below steady state with only
modest changes in stress.
We consider a particular case of fault healing when

the slip rate decreases quickly enough that the fault is
far below steady state so that θ̇ ≈ 1. Coupling this con-
straint with the modest changes in stress and a negligi-
ble loading rate, the slip in a creep event will evolve as

δ(t) ≈ V0θ0

b/a − 1

[
1 −

(
1 + t − t0

θ0

)1−b/a]
, (10)

where θ0 is the characteristic time (Helmstetter and
Shaw, 2009).

3.4 Alternative Model Component 2: Power-
law and Linear Flow Rheologies

We also attempt to model the displacement during
creep events using flow laws. At first, describing creep
events using flow laws may seem counter-intuitive.
Flow laws are typically associated with deformation at
high temperatures and pressures within the crust at
depths near or below the brittle-ductile transition (Mon-
tési, 2004; Passchier andTrouw, 2005). Those conditions
contrast with the shallow, cool conditions where creep
events occur.
Nevertheless, we note that experiments on rocks that

deform at high temperatures and pressures at depth of-
ten imply that effective fault slip rates V should scale as
some power of stress:

V ∝ τn
a , (11)

where V is slip rate, τa is the applied stress, and n is de-
termined by the the motion of intercrystalline disloca-
tions (Passchier and Trouw, 2005). When stresses and
strain rates are relatively high, n = 3–5 and deformation
occurs through grain boundary sliding accommodated
by dislocation creep (Hirth and Kohlstedt, 2004; Mon-
tési, 2004). When stresses are relatively low, n = 1 and
deformation occurs through grain boundary sliding ac-
commodated by diffusion creep (Evans and Kohlstedt,
1995; Hirth and Kohlstedt, 2004; Montési, 2004).
Empirically derived laws for the displacement evolu-

tion of creep events by Crough and Burford (1977) and
later modified by Wesson (1988) have a similar func-
tional form to the flow laws. This similarity also en-
courages us to include flow laws in our analysis. Fur-
ther, these flow laws sometimes have a similar form
to those for describing pressure solution creep, a pro-
cess that might explain shallow aseismic creep (Gratier
et al., 2011; Richard et al., 2014). We discuss the feasibil-
ity of this process for explaining the displacement ob-
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served in creep events further as part of the discussion
in Section 7.1.
If the near-surface fault is governed by power-law

flow, and it experiences an abrupt ‘kick’ in stress, slip
at the surface will evolve as:

δ(t) = δ0 +V0tcn
[
1−

{
1+

(
1− 1

n

)( t − t0

tc

)} 1
1−n

]
, (12)

where tc is the time constant and n is the power-law ex-
ponent (Montési, 2004).
When n = 1, Equation 12 reduces to the linear flow

model
δ(t) = δ0 + V0tc

(
1 − e

t−t0
tc

)
. (13)

4 Fitting the shape of the events
Physical analysis thus suggests five ways that slip might
accumulate during creep events (Equations 5, 7, 10, 12,
and 13). We now aim to assess which, if any, of these
equations accurately match the data and which param-
eters are required.

4.1 Forward Model
Sometimes the creep rate increases slightly before the
main phase of the creep event. The displacement that
accumulates, or preamble, is due to strain related to the
approach of a subsurface dislocation before the com-
mencement of slip at the creepmeter site (King et al.,
1977) and is not part of the creep event itself. So,
we model the observed displacement in two parts: a
preamble that includes a constant slip rate, and a main
phase that incorporates the rheological models. We de-
termine the best-fitting parameters for each rheological
model using a two-part fit. This two-part fit includes a
straight line and the displacement described by the rhe-
ological model, such that

δ =
{

δ(t) = Vbt + Q, t ≤ T01
δ(t) = Vbt + Q + δr(t), t > T01

. (14)

In Equation 14, δ(t) represents the observed displace-
ment with time, t.
We note, however, that there are sometimes long-

term trends in the data that we need to account for.
For the slip prior to the onset of the creep event, at

t = T01, the displacement is calculated using Vb, the
slip rate in the few hours before the creep event, and
Q, a constant allowing for a straight line to be fit to the
time T01. When t > T01, we add to this the rheology-
dependant displacement evolution, δr(t)which is based
upon Equations 5, 7, 10, 12, & 13.

4.2 Creepmeter Noise Estimates
When assessing whether the modelled slip matches the
data, it is important to account for noise in data. The
noise is temporally correlated: there is covariance be-
tween displacement at one time and displacement at a

later time. Such red noise is typical of noise in creep-
meters and other high-precision geodetic time series,
which are dominated by hydrology, pressure, and set-
tling behaviours (e.g., Langbein et al., 1993; Langbein
and Johnson, 1997).
To estimate the temporal covariance of the noise, we

select 50,000 segments of creepmeter data that are four
days long. These segments are representative of the
noise in the data. They possess no data gaps and contain
no creep events, but they do contain creep variations
associated with rainfall, hydrology, and instrument er-
rors. To quantify the magnitude of these variations, we
aim to compute the covariance between creep values at
various times within each record. Specifically, we aim
to compute a set of covariances Cmn by computing the
expected values of the multiplied noise observations:

Cmn = E [d(tn) − d(t0))(d(tm) − d(t0)] . (15)

Here d are creep observations, t0 is the segment start
time, and tm and tn are times within the segment. This
expected value is the mean value of (d(tn) − d(t0)) ×
(d(tm) − d(t0)) that one would expect if one extracted
a segment of creepmeter noise at random.
To obtain the expected value for a given tm-tn pair,

we simply consider all of the available 50,000 noise seg-
ments. We extract the value (d(tn) − d(t0)) × (d(tm) −
d(t0)) from each segment and average the available
50,000 values. Repeating this procedure for allm-npairs
gives a noise covariance matrix C, with elements Cmn

(e.g., Hawthorne and Rubin, 2013). We calculate one
data covariance matrix for each version of the installed
XHR creepmeter (i.e., one for XHR2 and one for XHR3).
The covariance matrices are shown in Figure 5; they

capture the largest uncertainties in thedata. From these
covariancematrices, we can see that large randomwalk
noise is present in the data. The noise covariance Cmn

gets larger further away from the origin—the segment
start time—including large values away from the diago-
nal. Such values imply that (d(tn) − d(t0)) × (d(tm) −
d(t0)) increases as tm and tn increase. In other words,
the creep d(tn) tends to wander farther from its origi-
nal value d(t0) when it has a longer time interval tn − t0
(see also Langbein and Johnson, 1997; Langbein, 2004;
Williams et al., 2004).
However, even an average of 50,000 segments misses

small details of the covariance matrix. Noise in our es-
timates means that the calculated covariance matrices
have a few negative eigenvalues. To regularise the co-
variance matrices and make them invertible, we add a
component of white noise to the covariance matrices,
with an amplitude of 0.1×C22, where C22 is the second
value along the matrix diagonal.

4.3 Misfit Calculation

Now that we know the uncertainty on the data, we can
assess the accuracy of anymodelled displacement, δ(t).
To do this we need to define a function that will assess
the misfit of δ(t) to the observed data. We define this
misfit function as:
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Misfit = (δobs(t) − δ(t))T · C−1 · (δobs(t) − δ(t))
δobs(t) · C−1 · δobs(t) , (16)

where δobs(t) and δ(t) are the observed and modelled
slips, respectively, andC is the noise covariancematrix.

4.4 Parameter Search
In the parameter search, we go from event to event and
try to find the best parameters for each of the models.
To find the parameters with the lowest misfit, we min-
imise Equation 16 using a two-step approach.
We first fit the data with a rapid Sequential Least

Squares Programming (SLSQP) algorithm (Kraft, 1988;
Lawson and Hanson, 1995; Nocedal and Wright, 2006).
This algorithm models the misfit sequential, with dif-
ferent sets of quadratic functions. It allows us to get a
reasonable result quickly without needing a good initial
guess for the parameters. The initial possible range of
parameter values is allowed to be quite large. We set all
time constants (tc, tss, ta and θ0) to be between 1–100,
n to be between 1–5, t1 to be between 1–10, and b/a to
be between 0–10. We chose these values to allow for a
wide range of possible parameters. Previous studies on
the rheology of creep events (e.g., Crough and Burford,
1977; Wesson, 1988) did not use the rheologies tested
here, so no best guess for the initial parameters from
previous work could be used. During the fitting process
we allowed the start and end times of the fitting section
and T01 to vary by ± 30 minutes (i.e., 3 data points ei-
ther side). We chose this range to account for errors in
picking of the start (T01) and end times in Gittins and
Hawthorne (2022). This initial fitting converges well for
the models with power-law flow, linear flow, and rate
and state friction below steady state.
However, for both rate and state friction at a constant

state rate near steady state and rate and state friction
above steady state, the SLSQP algorithm converges to a
poor fit, failing to match the middle of the creep event.
The output of the SLSQPalgorithm is thenused as an ini-
tial guess for amore precise fitting using a Nelder-Mead
algorithm (Nelder and Mead, 1965), which is closer to
gradient descent and converges quickly. We use this
two-stage approach because using Nelder-Mead alone
leads to unsatisfactory fitting due to poorly constrained
initial conditions. These poorly constrained initial con-
ditions lead the Nelder-Mead algorithm to often con-
verge to somewhat broad local minima.

5 Determining the best-fittingmodels
All of the rheologies can match the rough shape of the
creep events. Figure 6 shows six examples of the mod-
elled slip. However, some rheologies visibly match the
data better and have smaller misfits.
Not all models are created equally. Some have extra

freeparameters. Therefore,weneed todiscriminatebe-
tween models based on the misfits, while also penalis-
ingmodelswith extra free parameters. Todo thisweuse
the Akaike Information Criterion (AIC) (Akaike, 1973,
1998).

5.1 Akaike Information Criterion
The AIC (Akaike, 1973, 1998) is an estimate of the capa-
bility of amodel to predict as set of values in the data. It
is defined as

AIC = 2m + N · ln
(

RSS

N

)
, (17)

RSS =
∑

i

(δobs(t) − δ(t))2, (18)

where N is the number of observations, m is the num-
ber of model parameters, and RSS is the residual sum
of squares.
We use the AIC to provide a framework for compar-

ing our fivemodels. It is capable of comparing between
both nested (linear and power-lawflow) and non-nested
models. Unlike traditional hypothesis tests such as the
F-test, AIC quantifies the relative quality of statistical
models by: (1) rewarding models that fit the data well;
(2) penalising models with more parameters to avoid
over-fitting, and (3) allowing direct comparisons across
models regardless of their nested relationships.

5.1.1 Adapting themisfit for AIC calculation

In our initial calculations, we chose to normalise the er-
ror in the model by the variability in the data to obtain
intuitively interpretable numbers (Equation 16). How-
ever, this normalisation is not compatible with AIC,
which requires an absolute measure of model misfit
analogous to residual sum of squares. For AIC, we sim-
ply calculate the residual sum of squares:

RSSw = (δobs(t) − δ(t))T · C−1 · (δobs(t) − δ(t)) (19)

This equation is a scaled version of Equation 18.

5.2 Comparingmodels using AIC
Wecalculate theAIC for eachevent using eachof thefive
proposed models, or rheologies. Then we assign each
event a best-fitting rheology, based on whichmodel has
the lowest AIC. To assess the confidence in the rheology
selection, we compute a ∆AIC for each rheology: the
difference between eachmodel’s AIC and theminimum
AIC value.
A simple approach for interpreting the AIC values

would be to say that the best fitting model is the one
with the lowest AIC and a∆AIC = 0. However this does
not account for closely fitting models that have similar
AIC values (e.g., ∆AIC ≤ 2). Only 18% of events have
clear best-fitting models. Therefore we need a more
sophisticated way of determining which model has the
most support for describing the displacement evolution
of creep events: Akaike weights.

5.2.1 Calculating Akaike weights to quantify rel-
ativemodel support

Akaike weights convert the AIC values calculated into
probabilistic support for each model (Akaike, 1973,
1998; Wagenmakers and Farrell, 2004). Here, although
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Figure 5 a) The covariance matrix of the earlier XHR2 creepmeter (1992 and 2005). b) The covariance matrix of the later
XHR3 creepmeter (2009 and 2019). Note that XHR3 has lower noise than XHR2.

themodelwith the lowestAIC is considered thebest, the
differences (∆AIC) between models matter most. The
Akaike weight for model i, wi, gives the relative likeli-
hood that model i is the best among all models, given
the data. The weights of all five models sum to one and
are defined as the relative likelihood of model i over the
sum of the likelihoods of all models:

wi = e−0.5∆AICi∑
j e−0.5∆AICj

. (20)

These Akaike weights allow us to compare models
probabilistically. They quantify the amount of support
each model has for each event event. This approach
allows us to: (1) account for uncertainty arising from
the differing numbers of parameters in eachmodel and
(2) share support between models rather than picking
one “best fitting” model. These weights are then used
to determine the support for each model. For exam-
ple if one model has wi = 0.9, it is overwhelmingly
supported. However, if one model has wi = 0.45 and
another wi = 0.4, both are plausible. If many models
have similar weights for a given creep event, there is no
strongly preferred model.
Akaike weights provide a per-event estimate of how

likely each model is to be the best. However, to under-
stand thedrivingphysics behind creep events as awhole
we assess which model has the most support across
events. To do this, we sum the Akaike weights for each
model to get the total weights for the model and ex-

press this as a model support percentage. We then es-
timate the 70% uncertainty by bootstrapping the events
included in the average. These bootstrapping results are
shown in Figure 7a.

5.2.2 Adjusting the Akaikeweights for power-law
and linear flow

Before we interpret the summed Akaike weights, how-
ever, we may note that linear flow is a nested variant of
power-law flow when n = 1. By including both of these
models, we may be obscuring the competition between
power-law flows and rate-and-state models. If power-
lawflow is primarily trading off against linear flow, then
including both will reduce the comparative model sup-
port relative to the rate-and-state models. The more in-
teresting question here is whether power-law flow per-
forms better than its frictional counterparts?
In order to investigate this, we remove linear flow

model from contention and recalculate each model’s
∆AIC & wi for each event. We then conduct the same
bootstrapping approach as before to estimate the 70%
confidence range for each model’s support (Figure 7b).

5.3 Results of AIC comparisons
Below we discuss the model support percentages for
each of the rheological models in order of the most to
least supportedmodel. We discuss thesemodel support
percentages when linear flow is included and excluded.

9
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Figure 6 Six example events showing the five rheological fits. a) XHR 004, b) XHR 030, c) XHR 064, d) XHR 072, e) XHR 088
& f) XHR 105. Note that event codes refer to the events in the catalogue of Gittins and Hawthorne (2022). The observed
creepmeter data are grey circles. Linear flow and power-law flow are in light and dark blue, respectively. For the rate and
state friction laws, the constant state rate near the steady state is in red, the above steady state is in orange, and the below
steady state is in yellow.

5.3.1 Power-law flow

The Akaike weights analysis suggests that power-law
flow is the best model. This model has a support

across bootstrapped samples of between 37–44% with
70% confidence, with a median support of 41% (Figure
7a, dark blue histogram).
If we remove the competition between power-law
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Figure 7 a) Distributions of bootstrap support for each model (linear flow: light blue, power-law flow: dark blue, rate and
state friction near steady state: red, rate and state friction above steady state: orange, rate and state friction near steady state:
yellow). Scatter points above the histograms representmedian value with the 70% confidence intervals on each distribution
shown as error bars. b) a) Distributions of bootstrap support for eachmodel with linear flow removed. (power-law flow: dark
blue, rate and state friction near steady state: red, rate and state friction above steady state: orange, rate and state friction
near steady state: yellow). Scatter points above the histograms representmedian valuewith the 70% confidence intervals on
each distribution shown as error bars.

flow and linear flow (nested model where n = 1), then
power-law flow has a support across bootstrapped sam-
ples that increases to between 57–66% with 70 % confi-
dence, with a median support of 61% (Figure 7b, dark
blue histogram). This suggests that power-law flow was
often competing against the nested linear flow version
for the best supported model.
This model works well because it can capture the ini-

tial steep gradient of the creep event and its transition
through the relatively sharp bend into the relatively flat
portion at the end of the events (Figure 6 a, d & e).

5.3.2 Linear flowmodel

The second best fitting is the linear flow model. Like
power-law flow, linear flow is able to capture the sharp
bend in the creep events.
Linear flow has fewer parameters than both power-

law flow and rate and state friction below steady state;
its AIC benefits from the fewer parameters. This model
has a support across bootstrapped samples of between
26–33%, with a median support of 30% (Figure 7a, light
blue histogram).

5.3.3 Rate and state friction below steady state

The third best rheological model is rate and state fric-
tion below steady state. Much like the power-law and
linear flow models, the rate and state friction below
steady state model can capture the creep event’s steep
initial gradient, bend, and deceleration. This model
has a support across bootstrapped samples of between
17–23%, with a median support of 20% (Figure 7a, yel-
low histogram).

If we remove the competition between power-law
flow and linear flow (nested model where n = 1) then
the rate and state friction below steady state model
has a support across bootstrapped samples of between
24–30%with 70% confidence, with amedian support of
27% (Figure 7b, yellow histogram).
On average then, the below steady state model fits

the data slightly worse than power-law flow. However,
the two modelled displacements are often very similar
(compare the dark blue and yellow lines in Figure 6).

5.3.4 Rate and state friction above steady state

The fourth best model is rate and state friction above
steady state. This model has a support across boot-
strapped samples of between 3–8%, with a median sup-
port of 5% (Figure 7a, orange histogram).
If we remove the competition between power-law

flow and linear flow (nested model where n = 1), then
the rate and state friction above steady state model has
very little change in support across bootstrapped sam-
ples of between 4–8% with 70 % confidence, with a me-
dian support of 6% (Figure 7b, orange histogram).
Despite capturing the first few hours of the event

well, the rate and state friction above steady statemodel
fails to capture the bend of the creep event (i.e., the
transition from accelerating to decelerating). The ob-
served bend is often much sharper than the model al-
lows. This failure to turn also results in an inability to
flatten quickly enough, so the modelled displacements
are steeper than the observed displacements at the end
of many events.
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5.3.5 Rate and state friction near steady state

The model with the least support is the rate and state
friction near steady state model. This model is physi-
cally intuitive, but it does notmatch the evolution of slip
well. It has support across bootstrapped samples of only
between 3–6%, with amedian support of 5% (Figure 7a,
red histogram).
Much like the above steady state model, the near

steady state model shows little to no change in model
support once linear flow is removed. In this case, this
model has a support across bootstrapped samples of be-
tween 3–8% with 70 % confidence, with a median sup-
port of 5% (Figure 7b, red histogram).
This model suffers from the same drawbacks as the

rate and state friction above steady state. The modelled
displacements cannot turn sharply enough or flatten off
quickly enough tomatch the data (red lines in Figure 6).

6 Best-fittingmodel parameters
To get a further plausibility check and to learn more
about the properties of the system, we investigate the
individual parameters needed to match the data (Fig-
ure 8). Figure 8 shows the distribution of parameters
obtained from the best fitting models for each rheology
from the collection of events used.
The first column of Figure 8 shows the distribution

of the initial slip rate V0 for each rheological model.
The distributions are all similar; they have peaks near
V0 =1 – 2 × 10-7 ms-1 but then stay relatively flat until
10-6 ms-1. The similarity of these distributions may also
explain why most of the fits in Figure 6 do a relatively
good job of explaining the beginning of the creep event;
they all reasonably match the initial slip rate.
The second column in Figure 8 shows the distribution

of the various ‘time constants’. These time constants
control the rate at which the laws can turn and flatten
off during deceleration. Most of these time constants
are below 1 hour, except for rate and state below steady
state, which has time constants up to 10 hours (note the
change in x-axis limits in Figure 8l).
The remaining panels in Figure 8 show the distribu-

tions of any other fitting parameters used, notably n for
the power-law flow law (panel e) and b/a for the below
steady state model (panel m). The rate and state fric-
tion below steady state law (Equation 10) uses the ratio
of the two rate and state coefficients, b/a (panel m, bot-
tom row). If this ratio is below 1, the fault is velocity-
strengthening, whereas if b/a is above 1, the fault is
velocity-weakening. From Figure 8 m, we can see that
for the majority of events, b/a > 1 (vertical grey dashed
line). This could suggest that the fault is largely within
a velocity-weakening regime, is sensible for this model
(see brown arrow in Figure 4b). However, as seen in Fig-
ure 8m, 3 out of 50 events are best fit by b/a < 1. It is
difficult to know whether to interpret these three val-
ues. We note that this evolution is still physically possi-
ble if a creep event were driven by surrounding slip and
abruptly slowed down (Kanu and Johnson, 2011).
The power-law model uses a different parameter, the

power-law constant n. Most of the best-fitting n val-

ues are below 2. The median value obtained when the
power-law model is competitive (∆AIC ≤ 2) is 0.97,
lower than the 1.6 estimated by Crough and Burford
(1977) for their empirical power-law fit. 49% of n val-
ues are between 0.9–1.1, with 41% between 0.9–1. So
many events close to 1 suggests that fits may be linear
flow, given that this is a special case of the power-law
flow model with n = 1. The closeness of the two flow
laws is also seen in Figure 6, where they occasionally
lie on top of one another. This is the main reason we
chose to consider the Akaike weights with and without
linear flow (Figure 7), as to not down-weight the model
support for power-law flow as it was competing with a
special version of itself.
It is somewhat interesting to consider the parame-

ters obtained from the different models for individual
creep events. Plotting n against b/a (Figure 9) reveals
that events that have higher values of n when modelled
with power law flow have lower values of b/a withmod-
elled with rate and state friction below steady state.

7 Discussion

We fit five rheological models to creepmeter data from
Harris Ranch, CA. Two models fit the data poorly: rate
and state friction above steady state, and rate and state
friction near steady state. Thesemodels cannot capture
the strong change in slip rate, or the bend in the ob-
served slip.
The top three models match the data almost equally

well. These are a power-law flow, linear flow, and rate
and state friction below steady state.
In Sections 7.1 & 7.2, we discuss the best-fitting mod-

els’ implications for the dynamics of creep events. In
Section 7.3, we recognise that the rheological models
we test are simple and that more complex models may
be better suited to describing the displacement in creep
events. We discuss some potential origins of this com-
plexity.

7.1 Option1: Power-law flowandLinear flow

In the power-lawflowmodel, slip rate∝ applied stressn.
The fact that thismodelmatches the data would suggest
that the shallow fault obeys this rheology. Such a rheol-
ogy is surprising, as power-lawflow is typically reserved
formodelling ductile behaviour at depth (Montési, 2004;
Passchier and Trouw, 2005). Creep events occur near
and at the surface (e.g., Bilham and Behr, 1992; Glad-
win et al., 1994; Mortensen et al., 1977; Wei et al., 2013),
at depths much shallower than the brittle-ductile tran-
sition (e.g., Sibson, 1977). Therefore, one would expect
them to occur from a brittle process.
However, ductile deformation can occur in diagenetic

conditions if fluids are abundant: via pressure solution
creep, where stress variations drivemass transfer (Pass-
chier and Trouw, 2005). Pressure solution creep some-
times results in a slip rate-stress relationship similar to
that from deeper deformation mechanism as defined
in Equation 11. It accommodates fault creep by grain-
boundary sliding through diffusion creep (Gratier et al.,
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Figure 8 Distributions of the fitting parameters with one value per creep event. a) & b) are the initial slip rate and time
constant of the linear flow law. c), d), and e) are the power-law flow law’s initial slip rate, time constant, and power-law
exponent. f) & g) are the initial slip rate and time constant of the rate and state friction at a constant state rate near steady
state. h), i) & j) are the initial slip rate, time constant, and time of tectonic loading in the rate and state friction law above
steady state. k), l), andm) are the initial slip rate, time constant, and the ratio of the rate and state coefficients b/a of the rate
and state friction law below the steady state.
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Figure9 Scatter plot of power-law flownagainst Rate and
State friction - below steady state b/a.

2011). During pressure solution creep, material is dis-
solved from grain boundaries at sites of high stress and
thus solubility. The material diffuses down a stress-
induced chemical potential gradient to be redeposited
at nearby sites of low solubility (Gratier et al., 2013;
Passchier and Trouw, 2005; Richard et al., 2014).
Evidence for pressure solution creep within fault sec-

tions known to creep has been observed in rock sam-
ples collected from the San Andreas Fault Observatory
at Depth (SAFOD) (Gratier et al., 2011; Richard et al.,
2014). Here, microstructural analysis gives evidence
for stress-driven dissolution of quartz and feldspars at
quartz-feldspar grain impingements along pressure so-
lution seams (Gratier et al., 2011). Phyllosilicates are
passively concentrated along these pressure solution
seams, leading to up to 50–70% phyllosilicates in rock
samples from the actively creeping zone of the SAFOD
drill core (Gratier et al., 2011; Richard et al., 2014)
compared to 10% in the surrounding rocks outside of
the actively creeping zone (Richard et al., 2014; Solum
et al., 2006). These phyllosilicates are predominantly
saponite, a frictionallyweakmineral used to explain the
low frictional strength of the San Andreas Fault (Lock-
ner et al., 2011; Moore and Rymer, 2012). At the SAFOD
site, diffusion-accommodated grain boundary sliding
alone is able to accommodate the 20 mmyr-1 creep rate
(Gratier et al., 2011).
However, even if pressure solution creep can accom-

modate the 20mmyr-1 (∼ 6× 10-10 ms-1) long-term creep
rate on the SanAndreas Fault (Gratier et al., 2011), creep
events often have higher slip speeds, of order 10-7 ms-1
– 10-6 ms-1. At these slip rates, pressure solution creep
will need to compete with other deformation mecha-
nisms, such as frictional slip. Further, the material
transported by pressure solution may be offset by di-
lation of the fault zone due to granular flow (Niemei-
jer and Spiers, 2006). Dilatancy has been observed dur-
ing creep events using a series of orthogonal creepme-
ters along the San Andreas Fault (Bilham et al., 2021)
and is thought to be accommodated by the rotation of
large lens-shaped clay clasts (phacoids) found along the
creeping faults (Bilham and Castillo, 2019). This dila-

tion should not be surprising given that shear strain
results in dilatancy of granular materials (Kruyt and
Rothenburg, 2016). More work is required to assess the
interplay of pressure solution creep and dilation due to
granular flow, and thus to assess whether it is physically
plausible that pressure solution creep accommodates
slip during creep events, and to assess whether another
physical model could follow a power-law flow rheology.

7.2 Option 2: Rate and state friction be-
low steady state in a velocity-weakening
regime

The other model that matches the data relatively well
is rate and state friction below steady state, with pa-
rameters implying a velocity-weakening material. This
model is also slightly unintuitive, as one must explain
how a fault suddenly reaches a below steady state
regime. Typically faults drop below steady state after
some slip and a drop in stress. Indeed, the below steady
state model assumes that stress is constant in time as
the fault slows down.
To explain the fit by rate and state friction below

steady state, we propose a simple scenario. Perhaps at
the surface, we only observe the end of a larger creep
event. The near-surface portion of the fault may be
weaker than the fault at depth. In this case, the near-
surface canmaintain small changes in stress, and near-
surface slip will closely track slip at depth, so that there
are minimal spatial variations in slip and thus minimal
stresses. This process would function for a < b and
a > b.
One could imagine a sequence of events that pro-

duces below-steady-state slip evolution. A small
velocity-weakening patch at depthmay nucleate a creep
event. This slip may initially create the ∼hour-long
strain offsets that have been observed to occur prior
to creep events in the region (Gittins and Hawthorne,
2024). The slip then propagates spatially. By the time
slip reaches the surface,wearenear the endof the creep
event. The surface slip follows the slip at depth, with
the whole fault slowing down everywhere with a mod-
est change in stress.
Of course, this scenario is simple and speculative. For

the scenario to explain the observed evolution in slip,
the fault would likely have to have a particular distribu-
tion of shallow and deeper strengths. In particular, the
near-surface layer would require a low enough normal
stress to provide only a modest resistance to accelera-
tion. Further modelling and testing is required to as-
sess whether the assumption of a zero change in stress
is truly plausible.

7.3 Option 3: More complexmodel required?

In all of our model testing, we have taken a rather sim-
plistic approach. We have considered single, simple
rheologies, and we have assumed that the spatial dis-
tribution of slip remains constant through time. This
seems an appropriate starting point for assessing rheo-
logicalmodels. However, the analytical approximations
we use constrain ourmodelling abilities. Further, creep
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events could have more complex rheologies or more
complex spatial distributions of slip.

7.3.1 Should the onset and decay of the creep
event bemodelled separately?

Wehave attempted tomodel the acceleration and decel-
eration in a creep event with a single analytical approx-
imation by modelling the displacement resulting from
a step in stress. That approximation is reasonable for
the viscous flow models, where the “state” of the fault
is unchanged through time. However, it may be that we
should have switched rate and state regime during the
creep event. It is plausible that the fault is well above
steady state in the beginning of the creep event but that
it decays and falls close to or below steady state toward
the event end.
Such a change in regimewould be consistent with the

spatial growth of creep events. For instance, if a creep
event nucleates at depth and propagates to the surface,
the surface will receive a rapid increase in stress as the
slip front arrives, causing the surface to accelerate and
move well above steady state. Then, when the creep
event reaches its final size, the whole fault system de-
celerates together; it may fall below steady state.
Testing this process in practice is not as simple as

splitting the creep event in to two halves, an accelera-
tion and deceleration phase, because creep events are
more complex and are comprised of multiple different
phases.
Note that the the straight line we fit in Equation 14

doesnot accommodate anaccelerationphasewithin the
creep event. It exists to account for the observation that
many creep events are often preceded by a displace-
ment related to the approach of a subsurface disloca-
tion before the commencement of slip at the creepme-
ter site (King et al., 1977). This displacement phase, of-
ten termed the preamble, arises from a transition from
a distributed shear strain to discrete slip of the surface
fault. This occurs when strain exceeds ≈ 10−5 or ≈100
µm in a 10 m long creepmeter. The transition from
strain to slip typically occurswithin 5minutes, less than
the spacings between the samples at the Harris Ranch
creepmeter site and is not captured in the creepmeter
records here.
Following the onset of the creep event, the peak slip

velocity is often reached within 20–30 minutes, or 2–3
data points. Therefore most models are able to cap-
ture this phase well. In order to model the acceleration
and deceleration phases of creep events more robustly,
creepmeter data at higher sampling rates would be re-
quired.

7.3.2 Does the fit require more complex rheolo-
gies?

In our modelling, we choose five simple rheologies,
which represent physically plausible approximations
of the fault’s strength. However, all of the proposed
models may be considered counter-intuitive, as they all
require some external ‘kick’ to initiate a creep event;
these rheologies do not give rise to creep events sponta-
neously. Such a kick is plausible, for example as a result

of slip at depth (Gittins andHawthorne, 2024). However,
it is also possible that creep events are self-driven, even
near the surface
For the creep events to be self-driven one could en-

vision that a small-velocity weakening patch could be
loaded by background fault motion and cause a sponta-
neous acceleration. The slip rate in a creep event could
be limited by other important fault zone processes such
as dilatancy and pore pressure changes (Iverson, 2005;
Segall and Rice, 1995; Segall et al., 2010). Dilatancy
could significantly change the functional form of some
of the rate and state friction laws, making them able to
fit the data better. While it is not obvious that including
dilatancy would improve the fit to the data, it is possi-
ble, and there is evidence for fault zone dilation dur-
ing creep events. There are water well level changes
when creep events propagate past (Roeloffs et al., 1989;
Rudnicki et al., 1993), measurements from orthogonal
creepmeter setups (Bilham et al., 2021), and the pro-
posed rotation during creep events of lens-shaped clay
clasts foundwithin the core of creeping faults at the sur-
face (BilhamandCastillo, 2019). Dilation is indeed plau-
sible given the local material properties; bursts of slip
preceding creep events often occur below 4 km depth
(Gittins and Hawthorne, 2024), which places them at
similar depths to the extent of the unconsolidated sed-
imentary sequence deposited since the Early Pliocene
(Allen et al., 1946; Dibblee, 2006; Rogers, 1980), and
shear strain commonly results in dilatancy in granular
materials (Kruyt and Rothenburg, 2016).
Additional work is required to (1) incorporate more

complex rheologies, and (2) develop models that fit dif-
ferent parts of the full creep event cycle.

8 Conclusion
In this study, we have used the displacement time evo-
lution of surface rupturing creep events to help deter-
mine the physical process driving them. Using creep-
meter data from Harris Ranch, CA, we have minimised
the misfit between the observed data and the displace-
ment time evolution of five rheological models: (1) rate
and state friction at a constant state rate near steady
state, (2) rate and state friction above steady state, (3)
rate and state friction below steady state, (4) power-law
flow, and (5) linear flow. We find that the “standard”
velocity-strengthening frictionmodels do notmatch the
datawell. Instead, the data is best described by a power-
law flow model or by a rate and state friction below
steady state model. This initial test of rheologies for
creating creep events suggests several possible impli-
cations: (1) power-law creep may somehow dominate
even at near-surface conditions, (2) the near-surface
may be weak, so that near-surface slip largely mirrors
the rheology of deeper slip, or (3) a more complex rhe-
ology may be needed, potentially involving dilatancy or
pore-pressure evolution.
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