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Geologic slip rates are typically based on the displacement accrued by a geomorphic or
stratigraphic feature and the age of the offset feature. Because slip rates are commonly
calculated by dividing the displacement of a faulted marker by its age, they contain two
open time intervals: the elapsed time between the age of an offset feature and the age of
the earthquake that displaced the feature, and the time between the present-day and the
most recent earthquake. Here, we explore the influence of including unconstrained open
intervals in geologic slip rate calculations. We test the degree to which these open inter-
vals affect geologic slip rates and their uncertainties, and we find that their influence
depends primarily onmean earthquake recurrence intervals (RIs). Slip rates on faults with
longer RIs, such as the Wasatch fault, can be greatly influenced by an increase of up to
20%when accounting for open intervals. In contrast, slip rates on faults with shorter RIs,
such as the San Andreas fault, are only slightly influenced by the assumption that slip
rates calculated over open intervals approximate those calculated over closed intervals.
Our analyses indicate that faults with moderate slip rates (∼0.2–5 mm/yr) are sensitive to
both open interval effects themselves, as well as methods to quantify and account for
these effects. We re-evaluate how slip rates are calculated and defined in displacement–
time space using published deformation records. We explore the utility of assigning a
probability distribution to the initiation of offset of the oldest faulted feature and the
timing of the most recent earthquake (MRE). We find that calculating geologic slip rates
without using probability distributions that capture the timing of the MRE and the onset
of offset of the oldest faulted feature, especially on slow-to-moderate slip rate faults, can
lead to systematic underestimation of average geologic slip rates.

Introduction
Geologic slip rates are defined as the displacement on a fault
divided by the time over which that displacement has accrued
(e.g., Wallace, 1946; McGill and Sieh, 1993; Central and
Eastern United States Seismic Source Characterization for
Nuclear Facilities [CEUS-SSCn], 2012). The time over which
displacement accumulates is commonly assumed to be the
elapsed time between the age of an offset feature and the
present (i.e., the age of the faulted feature). This time interval
is typically assumed to include multiple earthquakes, and a
geologic slip rate approximates the average rate of displace-
ment over an unknown number of earthquakes.

Implicit in typical slip rate calculations is the assumption
that the time interval over which a geologic feature is displaced
is bounded by earthquakes. In practice, this assumption is
rarely true because the age of bounding earthquakes is usually
not explicitly incorporated. Paleoseismic investigations may be
able to define the timing of the most recent earthquake (MREs)
for slip rate calculations, but most faults do not have a docu-
mented paleoseismic history. For example, in the State of

California, the best-studied state with the fastest slipping faults
in the conterminous United States, ∼40 faults have paleoseis-
mic investigations (Weldon et al., 2013; McPhillips, 2022) and
∼150 faults have field observed estimates of geologic slip rates
(Dawson and Weldon, 2013; Hatem et al., 2022) out of ∼350
faults considered causative faults for damaging earthquakes.
Even in the best-studied region along the Pacific-North
American plate boundary, our view of fault history is spatially
and temporally incomplete and is usually limited to geologic
slip rate sites typically unrelated to paleoseismic sites or the
earthquakes these slip rates attempt to constrain.

In the absence of paleoseismic records for most faults, we
propose that geologic slip rate estimates can be improved by
estimating the timing of earthquakes that bound a geologic slip
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rate. In our study, we refer to these bounding earthquakes as
“anchors” because these are the earthquakes that define the slip
rate time interval on either end (Fig. 1). For nearly all cases, we
do not know the “onset of offset” or the timing of displace-
ment. The term “open interval” is often used to refer to the
elapsed time since the MRE, but the lag between the formation
and offset of a faulted geologic feature—the onset of offset—is
also an open interval that is usually ignored in slip rate calcu-
lations. An ideal geologic slip rate calculation will include only
closed intervals by accounting for the onset of offset, or both
open intervals, at each end of a time–displacement history.

The challenge we address is how to best estimate the age of
the slip rate anchors to constrain the onset of offset. In the
absence of a paleoseismic record, we usually rely exclusively
on our knowledge of the displacement of the dated landform
(Fig. 1a). However, neither the present-day nor the age of the
dated offset feature represent anchors or bounding earth-
quakes in time–displacement space (Fig. 1b). Rather, they
represent a location in time between two earthquakes.
Instead of using the arbitrary points in time represented by
the age of the offset feature and the present day, we explore
possibilities to constrain the onset of offset for anchor earth-
quakes in geologic slip rate calculations (Fig. 1c).

Because a geologic slip rate ought to be bound over a dis-
crete interval of time or a closed interval, we attempt to limit
our slip rate calculation to the elapsed time between the esti-
mated timing of two earthquakes. We schematically highlight a
portion of this earthquake path as stairsteps in Figure 1c, with
the earthquakes bounding this discrete time period (anchors).
In an ideal scenario, anchors coincide exactly with the MRE
timing and the oldest earthquake timing in a time–displace-
ment history. In practice, anchors that bound time–displace-
ment histories are rarely centered on earthquake occurrences,
and so slip rate calculations commonly incorporate temporal
open intervals at their youngest and oldest ends.

We focus on temporally closed interval slip rates—shown
with dashed lines in Figure 1c—anchored by earthquakes at
their youngest and oldest extents. Traditional slip rate calcu-
lations (Fig. 1a) focus on cumulative displacement, or the start-
ing and ending positions of the displaced landform, indicated
by the dashed line connecting the white circle and white star in
Figure 1c along an arbitrary set of steps that represent inter-
seismic intervals and single-earthquake displacements. In this
study, our investigation is centered on understanding the effect
of earthquake timing, rather than displacement, on geologic
slip rates. As such, we assume the following: (1) practitioners
do not know displacement in the MRE or the first displace-
ment value of the offset landform, (2) a single-earthquake dis-
placement is a small increment of overall displacement, and (3)
coseismic displacement and the preservation of such displace-
ments are highly variable along a given rupture length. If items
(1) or (2) are not true, our approach can be improved by
accounting for first or last displacement values if they are

available. Additional probabilistic modeling may eventually
account for item (3). For moderate-to-fast slipping faults,
accounting for open intervals is likely more important than
correcting for displacement. An outcome of the approach
we outline here is that slip rates that approximate the timing
of anchor earthquakes are consistently faster than convention-
ally derived slip rates, and the total elapsed time is shorter.

When does offset begin to accrue?
Because the relationship between the age of the faulted feature
and the age of the earthquake that offsets the feature is almost
always unknown, geologic slip rate studies usually assume that
the time between the age of a feature and the initiation of offset
of that feature is minimal. The problem of the onset of offset
has been noted in previous studies. In examining the San
Andreas fault (California, United States), Wallace (1968)
implied that the ages of feature formation and feature offset
are not identical when he noted that an offset stream channel
as we observe it today is a combination of sedimentary and
tectonic processes. In a study of the Rodgers Creek–
Hayward fault (California, United States), Budding et al.
(1991) note the potential discordance between the age of chan-
nel incision and the age of the earthquake that displaced an
offset channel. Budding et al. (1991) report a minimum slip
rate, given the potential inheritance of a partial earthquake
cycle with an unknown length was considered in the slip rate
time interval. Dawson and Weldon (2013) note that including
open intervals in slip rate calculations could potentially bias
slip rates too slowly. To abate this issue, their compilation
of California geologic slip rates also includes a generalized
“start and end” time of the slip rate, ideally capturing some
information over the time interval over which the slip rate
is valid. They also note that this potential bias is low if the slip
rate interval is long. DuRoss et al. (2020) provide a compre-
hensive treatment of these issues in their study of the Teton
fault (Wyoming, United States). To utilize the oldest dated
offset available in their study area, DuRoss et al. (2020) sub-
tract a characteristic (implied) slip per earthquake from the
oldest offset feature (a deglaciation surface). By first sub-
tracting a reasonable amount of displacement from this oldest
offset, a closed interval slip rate is then calculated using this
feature. Geologic slip rate studies tend to grapple with an
extensive determination of the age of the feature, such as wres-
tling with the possibility of younger terrace riser trimming, for
instance (e.g., Ninis et al., 2013), but not precisely with the tim-
ing of the earthquake that eventually offset the terrace riser.
Not accounting for the age of displacement of a feature is
not ignorance; this age determination is simply challenging
or impossible without a well-defined and well-dated paleoseis-
mic record likely spanning over 10,000 yr for offset features
associated with the Last Glacial Maximum. Many studies rec-
ognize the discordance between feature age and age of initial
displacement, and report slip rates as minima (e.g., Lee et al.,
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Figure 1. (a) Traditional slip rate formulation using a dated offset
feature and the origin of displacement–time space. (b) Schematic
timeline of earthquakes through time, with the present day on
the left side. Earthquakes of interest that conceptually bound a
geologic slip rate are shown with stars. Intermediate earthquakes
are shown with x’s. The open intervals on either end of the slip
rate record are in gray rectangles; the white rectangle shows the
age of the oldest offset feature, which is not the age of the
earthquake that offsets the feature. (c) Similar to panel (a), with

additions from panel (b), showing our conception of slip rates in
this study. The median slip rate is shown as the dashed gray line
connecting the white circle (initial position) and white star (final
position), calculated after the age of the oldest offset feature is
extended younger and present-day is extended older to account
for anchor earthquakes. Triangles along the time axis highlight
“anchors”—time values that bound a geologic slip rate time
interval. Earthquake path shown in light gray stair steps. EQs,
earthquakes.
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2001; Gold et al., 2015) without further statistical treatment.
We extend the mostly qualitative approaches of these prior
studies by quantifying the effects of older open intervals on
synthetic and published examples of geologic slip rates.

The most recent earthquake and the youngest
open interval
Except during the nearly instantaneous occurrence of coseismic
slip, fault displacement histories always contain an open interval
between the time of the MRE and the present day. Although
widely recognized as a problem, accounting for the MRE open
interval without knowledge of a paleoseismic or historical earth-
quake can be vexing in practice. Weldon and Sieh (1985) noted
this discrepancy between the origin of displacement–time space
(i.e., present-day) and the MRE, and proposed that slip rates be
projected to the time of one-half of the average recurrence inter-
val (RI) rather than the present-day. DuRoss et al. (2020)
calculate numerous slip rates along the Teton fault, including
a slip rate anchored at the MRE timing and a displacement-
adjusted long-term offset feature, as well as a slip rate anchored
at the origin and the oldest offset feature. These preferred slip
rates with 1σ errors are 1.1 ± 0.2 mm/yr (projected to MRE) and
0.9 ± 0.06 mm/yr (projected to origin), with the MRE-anchored
slip rate nearly 20% faster than the origin-anchored slip rate. In
general, problems with including the younger open interval in
geologic slip rates are more commonly acknowledged than the
older open interval issues.

Our approach
In this study, we test the influence of the onset of offset on geo-
logic slip rate. We refer to the datums that bracket a geologic slip
rate time interval as “anchors” (Fig. 1); ideally, these anchors are
paleoearthquakes with known timing. However, the precise tim-
ing of paleoearthquakes is unknown in most cases, so we expand
the concept of anchors to represent probability distributions that
approximate the MRE and the initiation of offset of the oldest
faulted feature. We use hypothetical and field-observed fault his-
tories along theWasatch and San Andreas faults to test the influ-
ence of various assumptions about the age of slip rate anchors.
Because it is usually impossible to determine exactly when
faulted features begin to accumulate offset, we leverage con-
straints provided by intermediate-aged displaced features, along
with approximated average RIs, to create probability distribu-
tions that account for the possibility that a lag exists between
the age of a faulted feature and the onset of faulting.

Open Interval Inheritance as a Function
of Recurrence Interval
Defining the problem
The interplay between the number of earthquakes and the
length of a displacement record can be schematically visualized
as a series of timelines (Fig. 2). As the RI gets longer, so does
the potential length of the open interval. On faults with short

RIs (on the order of <1000 yr), open intervals of interest at the
start and end of a slip rate record are a relatively small portion
of the entire record. However, the problem becomes more pro-
nounced for faults with long RIs (∼10,000 yr; Fig. 2b) such that
most or all of the slip rate record may be dominated by effects
of open intervals at either end of the slip rate record. The time
interval over which a geologic slip rate is calculated shortens
when open intervals are accounted for (Figs. 1, 2a). The maxi-
mum length of open intervals is constrained by intermediate-
aged earthquakes. That is, we know open intervals have finite
lengths. For example, considering that these analyses concern
crustal faults, if a feature is offset 40 m, we can safely assume
that more than one earthquake displaced this feature and that
multiple intermediate-aged earthquakes contributed to the
cumulative offset of this feature.

Figure 3 expands this thinking into time–displacement
space. Here, fault histories are depicted as stairs for which each
vertical line represents coseismic displacement (i.e., an earth-
quake). The intervals of interest at each end of the time–dis-
placement record are denoted by thick black lines, which get
longer from top to bottom in Figure 3 as RIs increase and slip
rates decrease. The intermediate earthquakes that make up the
bulk of the time–displacement records in Figure 3 are shown
with a thin black line. These earthquake can be modeled as
stairsteps to understand nuanced slip rate variability and
uncertainty (e.g., Wallace, 1984; Cowie et al., 2012; Styron,
2019; Hatem et al., 2021). However, constraining open inter-
vals is the focus of our analyses, and we ignore the possible
variability in time–displacement records, and their accompa-
nying variations in slip rate, that might occur in long records.
We discount Figure 3d as a viable slip rate because the slip rate
calculated from this earthquake path is composed of a single-
earthquake displacement and an unknown portion of two open
intervals. Because geologic slip rates are intended to average
over multiple earthquakes, a limited record of earthquakes
(Fig. 3d) does not achieve the intention of a geologic slip rate.
Inherent variability within slip per earthquake over multiple
events (or even inherent variability in slip along strike in a sin-
gle earthquake) and a time interval without a single-closed
interval make “one earthquake slip rates,” by definition, not
a geologic slip rate because they are not averages of earthquake
behavior through time. An average of one sample at a site
yields the sample, and that is an observation of paleosurface
rupture, not a slip rate.

A potential path forward
With the open interval problem defined, we now explore ways
to estimate average geologic slip rates. First, we consider how
to best treat the initiation of offset of the oldest faulted feature.
In Figure 4, the oldest faulted feature is depicted as a box with a
solid black outline in displacement–time space. The earth-
quake that first offsets the feature can occur anywhere in
the box or, importantly, could be younger than the box
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(Fig. 4). To capture the age of the earthquake that first offsets
the feature, one could extend the younger edge of the box to
encompass the likely range of possibilities. One way is by
extending the box by some factor of the average RI in the
younging direction (dotted box in Fig. 4). For example, if a
fault’s RI is roughly 500 yr, a practitioner could extend the
minimum age of the oldest offset feature 1000 yr younger
(2× mean RI as one possibility); this is shown in Figure 4a
as a dotted line. If an intermediate feature is present (black
dashed box in Fig. 4a), the older edge of the intermediate fea-
ture age can be used to reduce the youngest possible age of the
extended oldest offset feature. In turn, Figure 4b shows how
this treatment can be depicted as a simple triangular probabil-
ity distribution function.

The MRE open interval can be treated in two ways. The
most straightforward way is a direct estimate of the timing
of the MRE either known from historical records or deter-
mined from paleoseismic records. In the absence of direct
knowledge of the timing of the MRE, we can use a probability
distribution of likely MRE timing. We outline three options
that are based on estimates of average RI (Fig. 4a). The first
(“broad MRE”) encompasses 2× the average RI (refer to the
Discussion section) and is the most uncertain. The other
two options, “young MRE” and “old MRE” in Figure 4a, rely

on the practitioner’s best judgment and might be constrained
based on the geomorphic expression of faulting (e.g., “young
MRE” for fresh scarps and “old MRE” for subdued faulting).
Geomorphic expression of scarps can widely vary depending
on the climate and precipitation, slip per earthquake, local sed-
imentology and depositional environments, lithology, and so
forth. On top of these complications, average recurrence
(e.g., how long a given scarp sits in the landscape) may greatly
affect the relative perception of “freshness.” Given this subjec-
tivity in MRE age inference, we suggest using the “broad MRE”
as opposed to the “young” or “old” MRE approaches in the

100 yr

500 yr

1,000 yr

10,000+ yr

Recurrence
interval

Open interval

Intermediate earthquakes

& closed interval (s)

Earthquakes

Time (ka)

Feature age

Firs
t d

isplacement

of fe
ature

Most re
cent

earth
quake

Present

Future Past
(a)

(b)

Probability of interescting 
an open interval

Low High

Young Old

Young OldTime

Open interval slip rate

Closed interval slip rate

Anchor

Figure 2. (a) Generalized timeline with time increasing to the
right. Thick black bars show open intervals of interest. Triangles
with solid lines show open interval anchors; triangles with dashed
lines show closed interval anchors. (b) Timelines are in a similar
style as panel (a) schematically plotted for a range of recurrence
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absence of a paleoseismic MRE age. We later discuss the ben-
efits of using a paleoseismic MRE age over these hypothetical
MRE distributions.

A practitioner could use any host of potential distribution
choices for feature ages or MRE ages or ways to approximate
anchors themselves. In this analysis, we use triangular

distributions to allow for asymmetric distributions in the case
of the extended oldest offset feature and to clearly truncate the
edges of the distributions at imposed distribution boundaries.
Triangular distributions obviate the need to prescribe more
complicated distribution shapes or standard deviation values.
Triangular distributions provide a vehicle to express more
knowledge than a uniform (boxcar) distribution but are still
simpler than a normal distribution or similar. Anchor choice
is also clearly variable based on available data or practitioner
choice. In our study, for example, MRE anchors are selected as
a stepwise increase of additional knowledge and shortening of
the time interval assessed. The MRE anchor approximations
span the origin (no time range; no additional information),
a “broad MRE” (longest time range of 2× generalized RI;
acknowledgment of the problem but little additional informa-
tion), two options to simulate vaguely knownMREs as “young”
and “old” (shorter time range of 1× generalized RI; potentially
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Figure 4. (a) Schematic illustration of various options of anchors
explored in subsequent analyses. Solid black box outlines the
feature age of the oldest offset feature. The dotted line is
extended younger than the offset feature age by some factor.
The dashed line and box represent an extended feature age to
account for the age of the earthquake trimmed by a younger
intermediate feature age. The solid gray box outlines the offset
feature of intermediate age. Four possible but nonexhaustive
options are shown for the young anchor (most recent earthquake
[MRE]): young MRE (purple), old MRE (magenta), broad MRE
(blue), and paleoseismic MRE (green). (b) Potential choices for
probability density functions (PDFs) as simple triangular distri-
butions. Line colors and styles are the same as (a). The color
version of this figure is available only in the electronic edition.
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some additional information), and a paleoseismic MRE (nar-
rowest time range of less than a generalized RI; most additional
information). These options are meant to be end-member
illustrations of possible anchors.

When probability distributions that encompass the oldest
and youngest earthquakes in the time–displacement history
are defined, we can then calculate slip rates by sampling
10,000 times from these probability density functions (PDFs)
for each anchor. We calculate slip rates as a straight line by
dividing the cumulative displacement (total offset of the oldest
offset feature) by the difference between the old and young
anchor picks from the defined distributions. We do not utilize
the slip time earthquake paths (STEPS) approach defined in
Hatem et al. (2021) because our focus here is an exploration
of the influence of open intervals on geologic slip rates. Finally,
modeled slip rates are expressed as a distribution (kernel den-
sity estimate).

How long can open intervals persist?
Understanding how long an open interval can persist relative
to the average earthquake RI—that is, the coefficient of
variation—is an open topic of discussion (e.g., Jackson,
2014; Biasi and Scharer, 2019; Nicol et al., 2024) and is of criti-
cal importance for time-dependent probabilistic seismic haz-
ard analyses (e.g., Weldon et al., 2013; Field et al., 2015;
Coffey et al., 2024; Gerstenberger et al., 2024). Although
short-time windows of observation may yield apparent hia-
tuses in earthquake occurrence (Jackson, 2014), longer histor-
ies along, for example, major faults in California, do not yield a
similar hiatus (Biasi and Scharer, 2019). Open intervals along
major faults in New Zealand rarely exceed their paleoseismi-
cally determined average RI (Nicol et al., 2024). Clustering
of earthquakes (i.e., highly variable RIs) may complicate this
factor (Nicol et al., 2024). Following these studies, we allow
for a conservative estimate of a coefficient of variation of
1 in the RI (coefficient of variation = mean/standard deviation;
CV � σ=μ), which would approach “random” earthquake
occurrence (e.g., Kagan and Jackson, 1991). If we consider a
2σ distribution of RI and wish to maintain a CV of 1, we
are led to an open interval estimate of 2× generalized RI.

For the oldest open interval, the onset of offset can be con-
strained by younger (intermediate) offset features (vertical gray
line in Fig. 4a). In the absence of such features, we propose
extending the youngest age by a factor of 2× mean RI (dotted
box in Fig. 4a). For the MRE open interval, an estimate of the
timing of the MRE can also be found using the mean RI. We
define the broad MRE as 2× mean RI and young and old MRE
as the upper and lower halves of this age range. We provide
three simple approaches to generating open interval probabil-
ity distribution functions here, but alternative models can be
constructed. However, the general approach should aim to
account for uncertainties in the anchors assigned to slip rate
calculations in time–displacement space.

Testing Setup
Synthetic data
We create synthetic fault data across a range of RIs (RI = 150,
400, 1250, and 3000 yr). In these examples, we use a Holocene–
latest Pleistocene record with the oldest offset feature spanning
12–15 ka and an intermediate feature with a maximum age of
10 ka (Fig. 5a). At shorter RIs, using the 2× generalized recur-
rence extension factor, the intermediate aged feature does not
intersect the oldest offset feature. Therefore, the intermediate
feature cannot trim and reduce the extended age of the oldest
offset feature. However, the intermediate offset feature trims
the probability distribution function assigned to the oldest off-
set feature at RI = 1250 and 3000 yr. Triangular distributions
describe the probability for each anchor (Fig. 5b). The syn-
thetic dataset allows us to quantitatively explore the influence
of RIs with idealized datasets and provide a range of possibil-
ities between the Wasatch and San Andreas fault datasets.

Field data
We use field data from the central Wasatch fault (Utah, United
States) and the San Andreas fault (California, United States).
The Wasatch fault data include a paleoseismic chronology
from the Corner Canyon site (DuRoss et al., 2018; paleoseismic
MRE), offsets of an abandoned Lake Bonneville shoreline
(Jewell and Bruhn, 2013; oldest offset feature), and a mid-
Holocene vertical separation of an alluvial fan (Personius
and Scott, 1992; intermediate offset feature; Fig. 6).

The San Andreas fault data are from the Cajon Creek site
near Cajon Pass (Weldon and Sieh, 1985), and include multiple
offset drainages and terrace risers and geomorphic surfaces of
intermediate age, as well as a paleoseismic record from a trench
virtually collocated with laterally offset features (paleoseismic
MRE; Fig. 7). Because we only require the oldest intermediate
feature to potentially trim the oldest offset feature of interest in
our methodology, we do not discuss the younger intermediate
features.

We selected these two field examples as relative end mem-
bers of a moderate RI fault (Wasatch) and a short RI fault (San
Andreas). We test the assertion of Weldon and Sieh (1985) that
the influence of the open interval is likely inconsequential on
fast-slipping faults such as the San Andreas fault. In contrast to
the San Andreas fault, which likely had dozens of earthquakes
in the Holocene, the Wasatch fault has ∼10 earthquakes over
the same time interval. These are two of the best-studied faults
in the United States and have ample dated offset features and
paleoseismic MREs to analyze for this study.

Results
Synthetic data
In the short RI example (RI = 150 yr), all modeled slip rates are
roughly equal, and the presence of open intervals does not
appear to influence the slip rate (Fig. 5b). At RI = 400 yr,
the slip rates using the extended feature age as the old anchor
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have a longer right-hand tail (faster slip rate) in the modeled
slip rate PDF. Using the older MRE for the young anchor
extends the right-hand tail the furthest and produces the fastest
median slip rate. At RI = 1250 and 3000 yr, the effect of
accounting for a wide range of possibilities of the onset of offset
is even more pronounced. That is, as the right-hand tail of
the modeled slip rate increases, so does the median slip rate.
In the RI = 1250 yr case, the median slip rate increases from
∼1.7 mm/yr in a “traditional” oldest offset feature to origin slip
rate to ∼2.2 mm/yr when the open intervals are accounted for
(oldest offset feature-to-older MRE), an increase of >∼25%. In

0 0.05 0.1 0.15 0.2 0.25 0.3
0

10

20

30

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

10

20

30

0 0.5 1 1.5 2 2.5
0

5

10

0

1

2

3

P
ro

b
a

b
ili

ty

Time (ka)

Time (ka)

0 1 2 3 4 65

(b)

5 10 15
0

200

400

600

0

50

100

150

0

20

0

1

2

D
is

p
la

c
e

m
e

n
t 
(m

)
RI = 150 yr 

RI = 400 yr 

RI = 1250 yr 

RI = 3000 yr 

0

5 10 150

5 10 150

5 10 150

(c)

(a)

25 30 35 40 45
0

0.05

0.1

0.15 RI = 150 yr  

10 11 12 13
0

0.2

0.4
RI = 400 yr   

1 1.5 2 2.5 3 3.5
0

1

2 RI = 1250 yr  

0 0.1 0.2 0.3 0.4 0.5
0

5

10 RI = 3000 yr  

Modeled slip rate (mm/yr)

P
ro

b
a

b
ili

ty

6 987

RI = 150 yr 

RI = 400 yr 

RI = 1250 yr 

RI = 3000 yr 

Old anchor choice
Original feature age

Extended feature age

Young anchor choice

Origin

Old MRE

Young MRE

Broad MRE

Paleoseismic MRE

Preferred closed interval slip rate
(extended feature age to paleoseismic MRE)

Open interval slip rate

Approximating closed

interval slip rate

Closed interval slip rate

Open interval slip rate

Approximating closed

interval slip rate

Figure 5. Synthetic data model results. (a) Data setup in dis-
placement–time space. The solid black box represents the oldest
offset feature; the dotted black box represents 2× RI subtracted
from the minimum age of the oldest offset feature; the dashed
black box represents the extended age of oldest offset feature
trimmed by intermediate feature when possible; and solid gray
box represents intermediate feature. (b) Kernel density esti-
mates of modeled slip rate PDFs for 10 anchor combinations
tested. (c) PDFs for most recent earthquake (MRE) choices. The
color version of this figure is available only in the electronic
edition.

370 Seismological Research Letters www.srl-online.org • Volume 96 • Number 1 • January 2025

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/96/1/363/6661764/srl-2024096.1.pdf by Geoscience Australia Library user on 19 February 2026



the RI = 3000 yr case, the median open interval slip rate (fea-
ture age and origin as anchors) is ∼0.1 mm/yr. When using the
extended oldest offset feature age and the older MRE

constraints as anchors, the
median rate increases to
∼0.15 mm/yr, representing a
∼50% increase in median slip
rate depending on the treat-
ment of open intervals. Of note
is a possible nonintuitive result;
although the paleoseismic
MRE spans a smaller temporal
range, the modeled slip rate
distribution is broad in the case
of the RI = 3000 yr. This is
because of the heavy right-
hand tail; the faster possible
rates result from the older
paleoseismic MRE and longer
RI used in the slip rate calcula-
tion. When the paleoseismic
MRE is younger (i.e., RI =
1250 yr), the modeled slip rate
distribution is narrower and
has a similar range as the
origin-based slip rates.

Field example: Wasatch
fault
The Wasatch fault, with an RI
of ∼900 yr, shows that open
intervals in slip rate anchors
do influence the modeled geo-
logic slip rate (Fig. 6d).
Similar to the hypothetical
examples at RI = 1250, the
median slip rate and weight of
right-hand tails increase as the
time record considered between
anchors decreases. For example,
the slip rate anchored at the fea-
ture age and the origin has a
nearly symmetric distribution
with a median slip rate of
∼1 mm/yr (gray solid curve in
Fig. 6d). When the feature age
extended in the young direction
to account for the onset of offset
is used with the origin as
anchors, the median slip rate
increases by roughly 15% to
∼1.15 mm/yr (gray dashed
curve in Fig. 6d). The shortest

modeled time record uses the older MRE and extended feature
age as anchors, and here the median slip rate (∼1.2 mm/yr)
increases by ∼20% compared to the “traditional” oldest offset
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feature-to-origin anchors (magenta dashed curve in Fig. 6d).
Our preferred slip rate uses the paleoseismic MRE and extended
feature age as anchors, producing a median slip rate of
∼1.1 mm/yr (green dashed curve with filled PDF in Fig. 6d).
If a range of possible MRE displacement is considered
(0.9–1.4 m; DuRoss et al., 2018) in combination with the paleo-
seismic MRE timing and the extended feature age of the oldest
offset feature, the median slip rate decreases from ∼1.1 to
∼1.03 mm/yr. Given the intricacies of incorporating per-earth-
quake displacement into slip rates, we focus on understanding
the effect of the onset of offset and not the magnitude of offset
itself. In this Wasatch fault example, the MRE is young and
exerts a strong constraint on the modeled slip rate. The knowl-
edge of the paleoseismic MRE reduces the possible maximum
slip rate (1.2 mm/yr using the “broad” MRE to 1.1 mm/yr with
the paleoseismic MRE), reducing the possible underestimate of
20%–10%. In this case, the intermediate offset feature (a dated
alluvial fan) does not constrain the onset of offset of the
Bonneville shoreline because the age of the intermediate feature
is younger than the age of the oldest offset feature extended by a
factor of 2× mean RI. The paleoseismic MRE is more useful here
for constraining the open intervals than the intermediate offset
feature. Our preferred slip rate that approximates closed inter-
vals is ∼1.1 mm/yr (median value), which matches the slip rates
carefully derived by DuRoss et al. (2018). The slip rate modeled
by DuRoss et al. (2018) at Corner Canyon is constrained by the
displacement and timing of six paleoearthquakes observed at
this site and therefore approximates a closed interval slip rate
as we do in this analysis.

Field example: San Andreas fault
Given the relatively short RI of the San Andreas fault as derived
by Weldon and Sieh (1985) of ∼200 yr, the modeled slip rates
are not considerably influenced by open intervals. The increase
in the modeled median slip rates from open to closed interval
slip rates is minimal with about 2 mm/yr over a median
slip rate of ∼25 mm/yr (Fig. 7d). Extending the feature age
younger modestly increases the maximum slip rate, slightly
drawing out the right-hand tail of the modeled slip rate distri-
bution. Extending the youngest age of the oldest feature over-
laps slightly with the oldest intermediate feature dated at Cajon
Creek; the oldest age of the intermediate feature is the youngest
age of the oldest offset feature (Weldon and Sieh, 1985, Fig. 7a).
Without knowing which bounding age is “correct,” we do not
use the intermediate feature to trim the extended age of the
oldest offset feature. Because of the short, generalized RI of
the San Andreas fault, this few centuries-long extension does
not greatly influence the resulting slip rates (Fig. 7d). The larg-
est effect on modeled slip rates for the San Andreas comes from
the assumption of old or broad MRE, which increases the
median modeled slip rate the most compared to the oldest off-
set feature-to-origin slip rate. Both the old and broad MRE
choices allow for long current open intervals, which could

shorten the slip rate time interval the most. This result does
not have much meaning because the historical and paleoseis-
mic record of the San Andreas fault is well known. However,
this highlights again, as in the Wasatch fault case, that an MRE
age is an extremely useful limit on slip rate uncertainty. In this
case, modeled median slip rates increase by <10% in the
absence of knowledge of the MRE timing.

Our preferred closed interval slip rate in this analysis is
∼24.9 mm/yr (median value). Again, this compares well to
the long-term preferred slip rate modeled by Weldon and
Sieh (1985) of 24 mm/yr (difference of ∼4%). Using multiple
markers at the Cajon Creek site, Weldon and Sieh (1985) arrive
at a preferred site rate of 24.5 mm/yr. This similarity between
our preferred closed interval slip rates and the previously cal-
culated rates highlights the lack of influence of open intervals
on fast slipping faults.

Discussion
Which slip rates benefit the most from closed
intervals?
The results from a fault with a ∼900 yr RI (Wasatch fault
example) show that the median slip rate could be faster
by ∼20% depending on the age of the MRE constraint.
Reported analytical slip rate uncertainties are in the range
of 15%–30% (e.g., 1 ± 0.3 mm/yr); these uncertainties arise
from measurement errors in age determination and offset
restorations. We show that there may be an unaccounted
∼20% underestimate of the geologic slip rate in addition to
the 15%–30% analytical uncertainty. Although the minimum
rates do not change with these analyses, the maximum rate
increases because the probability distributions assigned to
the MRE open interval and the onset of offset of the oldest
faulted feature shorten the elapsed time of interest.

Taking the western United States as an example, numerous
faults fall into this generalized activity category. According to
the U.S. Geological Survey (USGS) Quaternary Fault and Fold
Database (Haller et al., 1993; U.S. Geological Survey, 2020),
faults with generalized slip rates between 0.2 and 5 mm/yr
are present throughout the western United States, mainly
within Walker Lane, Central Nevada seismic belt, Wasatch
front, Yellowstone area, and in the upper plate of the Cascadia
subduction zone. In addition, several 0.2–5 mm/yr faults are
within the primary North America–Pacific plate boundary
zone along the general San Andreas fault corridor. In
Figure 8, we highlight the faults with categorical slip rates
of 0.2–5 mm/yr according to the USGS Quaternary Fault
and Fold Database.

Although these are a small number of affected faults relative to
the total inventory of known Quaternary faults across the western
United States (∼10% to 15%), it is unknown if the geologic slip
rates on these faults are underestimated. Many of these faults are
characterized by vertical displacements (on normal faults) on a
surface of known or estimated age. For instance, faults that cross a
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pluvial lake shoreline of known
formation (or abandonment)
age typically have slip rates cal-
culated with this formation age
without much knowledge of
the onset of offset of that shore-
line. Similarly, many of these
faults do not have an MRE esti-
mate to constrain the younger
onset of offset. In addition to
this proportion of faults charac-
terized by slip rates in the 0.2–
5 mm/yr category, even more
faults are characterized by slip
rates of <0.2 mm/yr. These very
slow slip rate faults are all
characterized by open interval
slip rates of one to two earth-
quake and would benefit from
substantial and systematic
reexamination (Fig. 3d).

Further examination of how
slip rates are calculated for
moderate-rate faults may be
important in regions with
apparent mismatches between
geologic and geodetic moment
rates (e.g., Ward, 1998; Pancha
et al., 2006). In particular,
analysis by Ward (1998) high-
lights the Basin and Range as a
region of considerable discrep-
ancy between geologically and
geodetically defined moment
rates. Although Ward (1998)
suggests that the geologic
moment rate may be an under-
estimate due to unknown
faults, this discrepancy may
also be due to the geologic slip
rate bias illustrated in our study,
given that geologic moment
rates are based primarily on
geologic slip rates and fault-
plane area. Subsequent studies
have considered similar com-
parisons with additional (yet
still limited) geologic, on-fault
data (Pancha et al., 2006),
showing that the mismatch
between geologic and geodetic
moment rate persists with
modest additions to the fault
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count. Increasing not only the fault count but also the fault-
plane area and fault-slip rates may account for a portion of
the regional geodetic–geologic moment rate mismatch, particu-
larly in slow to moderately straining regions with undercharac-
terized faults such as the Basin and Range.

Comparisons to previous work
A previous numerical modeling study by Styron (2019) that
tested the effects of seismic cycle variability on slip rates found
that slip rate variability decreases substantially after five earth-
quake cycles. This study also concluded that a slip rate is very
stable after about 40 earthquake cycles. Although we do not
know exactly how many earthquakes have occurred along the
San Andreas fault over the past approximately 14,000 yr, at least
40 earthquakes are plausible (and likely more) in the elapsed
time originally documented by Weldon and Sieh (1985) and
reanalyzed in our study. Our findings that the geologic slip rate
at Cajon Creek is stable without explicitly characterizing the

open intervals within the slip
rate agrees well with the find-
ings of Styron (2019). Unlike
our study, Styron (2019) held
RI constant while testing differ-
ent distributions to describe
recurrence and confirmed that
slip rates calculated over a few
earthquakes are highly variable
compared to the long-term
mean. This variability relates
to a higher coefficient of varia-
tion in recurrence (standard
deviation/mean recurrence). In
the context of our study, this
is due to fewer earthquakes with
cumulative geomorphic dis-
placement since the onset of
measurable fault displacement
(i.e., a longer RI). Our results
are consistent with the recom-
mendation of Styron (2019) to
propagate uncertainty associ-
ated with earthquake cycle
effects (such as the open inter-
val influence) with uncertainties
in age control and displacement
measurements when calculating
geologic slip rates.

Implications for
probabilistic seismic
hazard modeling
The approach we present here
may be appropriate for seismic

hazard analyses, especially if all slip rates are treated uniformly.
One possibility is to re-evaluate all faults with known or
inferred MRE ages to account for the MRE open interval.
More ambitious approaches might attempt to recalculate rates
using inferred timing of the onset of offset of the oldest offset
features used to calculate slip rates. Uniform treatment of slip
rates in seismic hazard analyses is key, though, so additional
biases are not introduced to deformation models.

Limitations of the methodology
Very few faults have both a paleoseismic record and a slip rate
record, presenting a challenge for constraining slip rate with
MRE data. Fewer faults have information that can constrain
the initiation of offset of the oldest offset feature. Similarly,
very few faults have paleoseismic constraints on RI. In the
absence of recurrence data, a practitioner could use estimated
values of RI with uncertainty distributions and enhance the
Monte Carlo sampling scheme presented in this study.

USGS Quaternary Fault &

 Fold Database

Slip rate < 0.2 mm/yr

Slip rate > 5 mm/yr

Slip rate 0.2–5 mm/yr

Figure 8. Map of U.S. Geological Survey (USGS) Quaternary Fault and Fold Database across the
western United States, highlighting faults with generalized slip rates between 0.2 and 5mm/yr. The
color version of this figure is available only in the electronic edition.
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Understanding that the RI of a fault may also be unknown, the
use of a generalized (i.e., “categorical” or broad) estimate of RI
may suffice. Finally, because this analysis is focused on tempo-
ral inheritance and residence time of offset features, we have
not provided any treatment of displacement uncertainty itself.
Methods for approximating and incorporating the displace-
ment in the anchor earthquakes are not investigated because
this work characterizes the influence of earthquake timing on
geologic slip rates. Uncertainties in displacement are a fruitful
avenue of study and warrant further investigation (e.g.,
Cowgill, 2007; Reitman et al., 2019).

We have advocated for a multiplier of mean RI to provide a
probability distribution for the oldest and youngest anchors
used to approximate closed-interval slip rates. However, it
may be important to approach this problem in the context
of the coefficient of variation of RI for each fault, which we
do not do here. More research could help clarify how long
an open interval can last, and what factors may influence that
open interval length (e.g., regional strain rate, fault length, rake,
and spatiotemporal clustering of earthquakes). We recognize
that the mean RI only samples the MREs, and more variability
could be concealed in the older earthquake record unobserved
by paleoseismology.

Recommendations to the earthquake geology
community
Based on our analyses, we suggest that, when modeling and
reporting slip rates, practitioners: (1) focus on making observa-
tions of MRE deformation andmodelingMRE timing at a site or
generalized along a reach of fault, (2) constrain the mean earth-
quake RI to provide a basis for creating probability distributions
to anchor slip rates, and (3) date intermediate aged offset fea-
tures in the landscape. All of these parameters can provide better
estimates of slip rates than simply dividing the offset of a feature
by its age. Constraining the timing of the MRE is the simplest
step that can lead to tighter estimates of the geologic slip rate.
Although we recognize that not all (or any) of these recom-
mended observations are possible at every slip rate study site,
the community can critically consider the biases introduced by
traditional slip rate calculations. Furthermore, we recognize that
“slip rates” from single-earthquake records (i.e., Fig. 3d) are not
representative of multiple earthquakes and are completely con-
trolled by open interval effects. Single-earthquake records are
still useful to describe recency and fault activity, but these are
not slip rates. Subsequent analyses and models are required
to transform these single-earthquake records into longer-term
estimates of fault behavior.

Conclusions
We find that geologic slip rates are systematically underesti-
mated if open intervals are not accounted for, particularly
in the common approach of dividing the offset of a faulted
feature by its age. Slip rates for faults with shorter RIs

(<∼1000 yr) and higher slip rates (>∼5 mm/yr) are relatively
unaffected, but for faults with longer RIs (>1000 yr) and lower
slip rates (<5 mm/yr), slip rates can be underestimated by
20% or more. Slip rates along faults with very long RIs
(>∼10,000 yr) are most affected by open intervals, but those
issues are not addressable by the methodology in our study.
Moderate slip rate faults (∼0.2 to 5 mm/yr) are particularly
susceptible to underestimates of slip rate due to (1) the lag
between the formation or abandonment of a feature and onset
of offset of faulted features and (2) the common lack of con-
straints on MRE timing used in slip rate calculations. Slip
rates on faster-slipping faults are less susceptible to these
issues, but the assumptions are relevant for all faults. We pro-
pose a method to calculate slip rates in a way that best
approximates a calculation spanning temporally closed inter-
vals by assigning probability distributions to the endpoints of
the slip rate calculation. We suggest that providing con-
straints on the MRE is critical for calculating geologic slip
rates and their uncertainty.
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