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Abstract Recent seismic and geodetic observations have led to a growing realization that a significant
amount of fault slip at plate boundaries occurs aseismically and that the amount of aseismic slip varies
across tectonic settings. Seismic moment release rates measured along the fast-spreading East Pacific Rise
suggest that the majority of fault slip occurs aseismically. By contrast, at the slow-spreading Mid-Atlantic
Ridge seismic slip may represent up to 60% of total fault displacement. In this study, we use rate-and-state
friction models to quantify the seismic coupling coefficient, defined as the fraction of total fault slip that
occurs seismically, on mid-ocean ridge normal faults and investigate controls on fault behavior that might
produce variations in coupling observed at oceanic spreading centers. We find that the seismic coupling
coefficient scales with the ratio of the downdip width of the seismogenic area (W) to the critical earthquake
nucleation size (h*). At mid-ocean ridges, W is expected to increase with decreasing spreading rate. Thus,
the relationship between seismic coupling and W/h* predicted from our models explains the first-order
variations in seismic coupling coefficient as a function of spreading rate.

1. Introduction

Seismic and geodetic measurements over the last decade have revealed that plate boundary strain can be
accommodated by a spectrum of fault slip behavior (e.g., Miller et al., 2002; Peng & Gomberg, 2010; Wech
et al., 2009). While earthquakes are the most dramatic end member of that spectrum, it has become increas-
ingly clear that aseismic slip over a variety of timescales contributes significantly to total fault displacement in
some tectonic settings (e.g., Bird et al., 2002; Dragert et al., 2001; Frohlich &Wetzel, 2007; Schwartz & Rokosky,
2007; Sobolev & Rundquist, 1999; Vidale & Houston, 2012). Understanding the partitioning of seismic versus
aseismic displacement on faults is important from a hazards perspective, as unquantified aseismic slip adds
uncertainty to risk assessments for faults with the potential to generate large earthquakes (e.g., Dixon et al.,
2014; Linde et al., 1996; Linde & Silver, 1989). Further, some studies suggest that aseismic slip events can
trigger large earthquakes (e.g., Kato et al., 2012; Radiguet et al., 2016; Segall et al., 2006).

Compiled observations from a range of plate boundaries have been used to show that the proportion of seis-
mic versus aseismic fault slip varies across settings (e.g., Bird & Kagan, 2004; Frohlich & Wetzel, 2007; Sobolev
& Rundquist, 1999). Variable slip modes have been observed and modeled for crustal faults, in particular for
convergent (e.g., Houston et al., 2011; Liu & Rice, 2005, 2007; Miller et al., 2002; Wech et al., 2009) and trans-
form plate boundaries (e.g., Brune et al., 1969; Froment et al., 2014; Johnson et al., 2006; Linde et al., 1996; Liu
et al., 2012; McGuire, 2008; McGuire et al., 2005, 2012; Roland et al., 2012).

Several studies have also addressed seismic behavior and the potential for aseismic slip on faults at divergent
plate boundaries (e.g., Biemiller & Lavier, 2017; Calais et al., 2008; Cowie et al., 1993; Olive & Escartín, 2016;
Sobolev & Rundquist, 1999). Observations support a range of behavior from seismic and aseismic fault slip
across different ridges and ridge segments (Cowie et al., 1993; Olive & Escartín, 2016). However, interpretation
of these variations has been limited due to the lack of quantitative models for seismic cycles on mid-ocean
ridge normal faults.

The partitioning of fault slip can be described in a time-average sense by the seismic coupling coefficient, χ,
which we define as the fraction of fault slip that occurs seismically. The seismic coupling coefficient can be
estimated directly by measuring fault displacement and comparing the moment release predicted for this
displacement to the observed seismic moment release (e.g., Cowie et al., 1993). However, this method is
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labor intensive, requires high-resolution topographic maps of large areas,
and may be skewed by mass-wasting processes and erosion of seafloor
fault relief (e.g., Cannat et al., 2013; Goff & Tucholke, 1997). Thus, in prac-
tice, coupling is often estimated by comparing seismic moment release
rates with estimates of the long-term accumulation of slip on a fault from
geodetic data or tectonic reconstructions.

Seismic coupling is observed to vary across convergent (e.g., Frohlich &
Wetzel, 2007; Pacheco et al., 1993; Scholz & Campos, 2012; Tichelaar &
Ruff, 1993) and transform boundaries (e.g., Boettcher & Jordan, 2004;
Frohlich &Wetzel, 2007; Rundquist & Sobolev, 2002) and can vary between
different subduction zones, from χ = 0.1 (mostly aseismic) to 1.0 (fully
coupled; e.g., Scholz & Campos, 2012). Coupling also varies between 0
and 1 along strike in individual subduction zones, over length scales of
200–600 km (Métois et al., 2012; Pacheco et al., 1993; Scholz & Campos,
2012). For transform boundaries, Frohlich and Wetzel (2007) found a sys-
tematic decrease in the seismic coupling coefficient with relative plate
velocity, from ≥0.4 to ~0. By contrast, Boettcher and Jordan (2004) showed
that for a global data set of 65 mid-ocean ridge transform faults with slip
rates from 15 to 150 mm/year, the coupling coefficient was roughly
constant at 0.15.

Several hypotheses have been proposed to explain variations in seismic
coupling. One class of models argues that thermal structure and fault geo-
metry exert the primary control on seismic coupling (Boettcher et al., 2007;
Liu et al., 2012; Solomon et al., 1988). Together these two factors control
the size of the seismogenic zone, defined as the area where earthquakes

are able to nucleate (e.g., Scholz, 1998). Other studies, citing experimental evidence that the frictional proper-
ties of hydrous minerals such as serpentine differ significantly from those of their anhydrous counterparts
(Escartín et al., 1997; Hirth & Guillot, 2013; Reinen et al., 1991, 1994), have proposed that fault zone material
properties and/or heterogeneities associated with hydrous alteration or pore pressure exert a primary control
on seismic coupling by enabling the nucleation of aseismic slip transients (Liu & Rice, 2005, 2007; McGuire
et al., 2012; Roland et al., 2012). It has also been suggested that the magnitude of the normal force acting
on the subduction interface controls seismic coupling on megathrusts (Scholz & Campos, 1995, 2012).

A compilation of the available data sets frommid-ocean ridges shows that the seismic coupling coefficient on
oceanic normal faults varies inversely with spreading rate (Figure 1). Cowie et al. (1993) found the coupling
coefficient for faults bounding the fast-spreading East Pacific Rise to be less than 0.01. By contrast, estimates
derived using teleseismic and hydroacoustic data from the slow-spreading Mid-Atlantic Ridge indicate cou-
pling coefficients of 0.1–0.3 for symmetric ridge segments and 0.4–0.6 for segments characterized by the pre-
sence of large-offset detachment faults (Olive & Escartín, 2016). Frohlich and Wetzel (2007) found a similar
systematic variation in the coupling coefficient across a range of spreading rates using teleseismic moment
release rates. Moreover, the variation in coupling with spreading rate appears to be robust even with the
uncertainty introduced by assumptions regarding fault geometry and magmatism (Olive & Escartín, 2016).
Several of these studies suggested that variations in fault thermal structure and the size of the seismogenic
zone are responsible for the range of seismic coupling coefficients observed across different ridge spreading
rates (Cowie et al., 1993; Solomon et al., 1988). However, they did not address the specific reason why faults
near fast-spreading mid-ocean ridges may be more prone to slipping aseismically when they are also known
to occasionally generate moderately large earthquakes (e.g., Mw~5–6 along the East Pacific Rise, Ekström
et al., 2012). To date, tests of such hypotheses (e.g., Olive & Escartín, 2016) have relied on extrapolation of
rate-and-state models for strike-slip faults (e.g., Liu et al., 2012) to normal fault systems, thus precluding a
quantitative assessment of the effects of normal fault geometry on seismic coupling.

In this study, we examine the effects of steady state thermal structure, spreading rate, and fault geometry on
the seismic coupling coefficient for mid-ocean ridge normal faults by using rate-and-state friction models to
simulate fault slip on seismic cycle time scales. These new models provide a framework for interpreting

Figure 1. Seismic moment release rate at divergent plate boundaries nor-
malized by boundary length and spreading rate (a proxy proportional to
the seismic coupling coefficient; Frohlich & Wetzel, 2007; Olive & Escartín,
2016), plotted against spreading rate and seismogenic layer thickness.
Seismogenic layer thickness estimated from the on-axis depth of the 600 °C
isotherm as predicted by the model of Montési and Behn (2007). See
section 4 for details.
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observations frommid-ocean ridges. We show that seismic coupling varies
systematically with the ratio of the seismogenic layer thickness to the char-
acteristic nucleation size. Based on a comparison of our numerical results
to natural systems, we argue that lithologic variations are not required to
explain the variability in seismic coupling with spreading rate at
mid-ocean ridges and that seismogenic layer thickness, together with
the fraction of extension accommodated by magma intrusion, is the
primary control on seismic behavior of oceanic normal faults.

2. Modeling Seismic Cycles on Normal Faults

Laboratory experiments have shown that the frictional resistance on an
interface depends on the slip velocity during sliding, the rate; and on the
history of slip on the surface, the state (e.g., Dieterich, 1972, 1978, 1979;
Marone, 1998; Rice, 1993; Rice & Ruina, 1983; Ruina, 1983). The rate effect
is seen during abrupt velocity changes, where friction increases or
decreases proportionally to the velocity steps. When sliding velocity is

not changing or the fault remains stationary, the dynamic friction varies according to the amount of time sta-
tic contact is maintained under a load (Beeler et al., 1994; Dieterich, 1978). This rate-and-state frictional beha-
vior can be quantified as a law relating shear and normal stress through a friction coefficient that depends on
slip velocity and an empirical state variable θ. The formulation is closed through a second law that describes
the time evolution of θ (Dieterich, 1972, 1978, 1979; Marone, 1998; Rice, 1993).

In this study, we use a single state variable friction law:

τ ¼ σ f 0 þ a ln
V
V0

� �
þ b ln

Voθ
Dc

� �� �
(1)

Here σ is the effective normal stress given by σ ¼ σ � pwhere p is the pore pressure, f0 is a reference friction
coefficient corresponding to a reference slip velocity V0 at steady state (Ruina, 1983), and Dc is the critical slip
distance (Table 1). From a physical perspective, rate-and-state friction describes how asperity contacts on a
fault surface evolve over time; Dc represents the characteristic length scale over which a population of con-
tacts on an interface changes from one steady state to another during sliding. The parameters a and b are
temperature- and pressure-dependent properties of the material. In steady state, the derivative of the rate-
and-state friction coefficient with respect to velocity is proportional to (a � b) (e.g., Scholz, 1998). When
(a� b)< 0, small increases in slip velocity will result in a drop in the friction coefficient and slip will accelerate.
This behavior is referred to as velocity weakening. On the other hand, when (a � b) > 0, an increase in slip
velocity will result in an increase in the friction coefficient, leading to a negative feedback on slip behavior
known as velocity strengthening. Slip instabilities (earthquakes) nucleate in velocity-weakening areas.
Values of (a � b) have been measured in the lab for some materials and conditions (e.g., Blanpied et al.,
1995; He et al., 2007). Assuming a typical geotherm, the (a � b) profile for a typical crustal fault is character-
ized by a shallow region of velocity-strengthening material above a velocity-weakening zone where earth-
quakes nucleate. At greater depths the fault transitions back to velocity strengthening as temperature and
pressure increase (Scholz, 1998). Here we refer to the velocity-weakening region as the seismogenic zone.

In our simulations, a regularized version of the friction law is used when V < 0.001 mm/year:

τ ¼ aσ sinh�1 V
2V0

exp
f 0 þ b ln V0θ=Dcð Þ

a

� �� �
(2)

Equation (2) can be derived by solving equation (1) for V and replacing the factor exp τ=aσð Þ with
exp τ=aσð Þ � exp �τ=aσð Þ½ � to account for the possibility of backward slip when the slip velocity slows to near
0 (Ben-Zion & Rice, 1997; Lapusta et al., 2000; Rice & Ben-Zion, 1996). The regularized law in equation (2)
avoids the singularity at V = 0 that occurs in the full friction law.

Table 1
List of Model Parameters and Their Values or Ranges

Variable Meaning Value/units

Vpl Plate rate 25–75 mm/year

dT
dz

Vertical thermal gradient 45–127 °C/km

φ Fault dip 25–70°
L Along-strike fault length 25–50 km
DC Critical slip distance 3–18 mm
W Downdip width of

seismogenic zone
4.5–11.5 km

h* Critical earthquake
nucleation length scale

1.0–6.6 km

μ Shear modulus 30 GPa
(a � b) Friction parameter �0.004–0.015, dimensionless
c Shear wave speed 3.044 km/s
η Viscous damping factor μ/2c
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The critical slip distance Dc is directly related to the critical earthquake nucleation size h*, which is the mini-
mum length scale that must fail in order for a slip instability to occur. Rate-and-state models with h* smaller
than the dimensions of a grid cell will produce spurious results as single cells can generate instabilities inde-
pendently of one another. To properly simulate stick-slip behavior, the model requires a critical nucleation
size larger than a single cell. This is done by setting h* to be sufficiently large relative to the model grid size
and then relating h* to Dc through the expression.

h� ¼ 2μbDc

π b� að Þ2σ (3)

where μ is the shear modulus (Rubin & Ampuero, 2005).

During steady state sliding, the state variable θ can be thought of as the average contact time of asperities on
the interface (Dieterich, 1979; Ruina, 1983). This intuitive definition points to two main effects on the time
evolution of θ. The first is the slip velocity, which has a direct effect on how long asperities remain in contact.
The second is the duration of periods of no slip, referred to in lab experiments as hold periods, during which
recrystallization and fault healing can occur. Expressions for the time rate of change of θ can be formulated in
different ways to emphasize one or the other of these effects. Here we follow Liu et al. (2012) and employ the
aging law for our calculations. The aging law, defined as

dθ
dt

¼ 1� θV
Dc

(4)

retains the time dependence of state variable evolution (Beeler et al., 1994; Dieterich, 1978, 1979; Marone,
1998). This allows friction to evolve on stationary contacts as is observed in laboratory experiments, as well
as during sliding. Setting the left-hand side of equation (4) to 0, it can be seen that the steady state value
of the state variable is θss = Dc/V.

The model couples the rate-and-state friction law and state variable evolution with quasi-static elasticity, in
order to quantify the effect of slip on the spatial and temporal distribution of shear stress on the fault:

τ x; ξ; tð Þ ¼ ∫L=2�L=2∫
D
0 k x � x

0
; ξ; ξ

0
� �

δ x
0
; ξ

0
; t

� �
� Vplt

h i
dx

0
dξ

0 � η
∂δ x; ξ; tð Þ

∂t
(5)

Here τ is the shear stress, x and ξ are distancemeasured along-strike and downdip on the fault plane, t is time,
δ is slip distance, Vpl is the plate velocity or forcing velocity, L is the along-strike dimension of the fault, η is a
viscous damping factor, and k is the stiffness kernel which we obtain from closed-form solutions (Okada,
1992) based on the fault geometry. The two terms on the right-hand side of equation (5) describe the
quasi-static equilibrium connection between shear stress and slip, and the effects of viscous damping at very
high slip rates, respectively. The damping term can be thought of as the energy dissipated by seismic waves.
The damping factor η is chosen to be μ/2c, where μ is the shear modulus and c is the shear wave speed. This
value of η ensures that the slip velocity is bounded by a value on the order of cΔτ/μ where Δτ is an average
stress drop for a slip instability (Lapusta & Liu, 2009; Rice, 1993). The double integral term in equation (5) is an
approximation to the full elastodynamic response and does not reproduce wave propagation effects along
the fault during a slip instability. In the exact solution the product of stiffness k and slip δwould be a convolu-
tion in time to account for the finite velocity at which stress alterations due to slip propagate along the fault.
Using the quasi-static approximation communicates those stress changes along the fault instantaneously to
avoid the computational expense of the time convolution. Therefore, although it cannot be used to model
dynamic rupture processes, this approach provides a good approximation for timescales covering several
earthquake cycles (Lapusta & Liu, 2009).

To simulate slip on a two-dimensional fault plane, we use a boundary integral approach to calculate the evo-
lution of slip velocity through time. Differentiating the friction law and the quasi-static elastic relation gives
two equations for the time derivative of τ, which can be equated and solved to find the time derivative of
the slip velocity. The fault surface is discretized into rectangular grid cells with the slip velocity V and state
variable θ specified in each cell. The discretized stiffness kernel is calculated for each grid cell using closed-
form solutions for shear displacement on a fault plane in an elastic half-space (Okada, 1992). For a plate
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rate Vplwe impose an initial slip velocity V0 as the portion of the horizontal plate velocity resolved on the fault
surface and set the initial state variable to a value slightly out of steady state at θ0 = Dc/(1.1 * V0). The model
then evolves both quantities in time using the time derivative of velocity and the aging law for state variable
evolution given by equation (4) (Beeler et al., 1994; Rice, 1993; Ruina, 1983). The model steps forward in time
using a fifth-order Cash-Karp Runge-Kutta method with an adaptive stepsize control (Cash & Karp, 1990).

For each simulation we specify the thermal gradient, fault dip, forcing velocity, and along-strike fault length
(Figure 2 and supporting information Table S1). The friction parameter (a � b) is mapped onto the fault sur-
face based on the imposed temperature structure, using relationships from laboratory data for either granite
or gabbro (Blanpied et al., 1995; He et al., 2007).

We use the modeled cumulative fault slip to calculate the seismic coupling coefficient for each simulation.
The coupling coefficient is determined from the ratio of seismic slip (defined when the slip velocity exceeds
the threshold velocity) to the total fault slip (defined as plate rate times the total elapsed time). We excluded
slip near the edges of faults because edge effects tend to suppress slip close to the boundaries. We found that
running simulations for 300 years allowed sufficient time for the coupling coefficient to converge to a stable
value. The coupling coefficient for each simulation is taken to be the value at the end of the run, and the
uncertainty in the coupling coefficient is estimated from the range of values over the run excluding the first
simulated earthquake, which induces a large jump in coupling coefficient as the system adjusts to the initial
conditions (see Liu et al., 2012, Figure 3; Table S1).

3. Rate-and-State Model Results

In our simulations, the imposed thermal gradient (Figure 2a) determines the distribution of the friction para-
meter (a � b), which in turn sets the downdip width of the seismogenic zone (W; Figures 2b, 3a, and 3e).
Figure 3 compares the general behavior of a simulation case with largeW (Figures 3a–3d) versus a case with
moderate W (Figures 3e–3h). At each time step, we calculate the maximum slip velocity on the fault
(Figures 3c and 3g). Slip instabilities are easily identified as sharp spikes in the maximum velocity time series.
The model also calculates the cumulative distance that the fault has slipped, averaged over the seismogenic
zone. Cumulative slip is tracked at regular time intervals to capture the progress of interseismic slip. Slip is
also tracked when the maximum slip rate exceeds a given velocity threshold to capture coseismic slip
(Figures 3b and 3f). To test the sensitivity of our results to the assumed threshold velocity, we tracked coseis-
mic slip using two threshold velocities of 1 and 5 mm/s.

For the case withW = 9.1 km, earthquakes occur across almost the entire width of the fault at regular intervals
(Figures 3b and 3c). By contrast, whenW = 5.7 km, earthquakes occur at irregular intervals and do not rupture

Figure 2. (a) Three-dimensional schematic diagram of the model setup showing fault dip (φ), imposed slip velocity at the
base of the fault (Vpl), and temperature on the fault plane. (b) Frictional parameter (a � b) for gabbro (blue) and granite
(red) are shown as a function of temperature. Dots show data from laboratory experiments (Blanpied et al., 1995; He et al.,
2007); curves show simplified fits to these data used in our simulations. The scatter in the data at each temperature is due to
experimental runs at different normal stress conditions and/or different size steps for velocity increases or decreases.
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all the way across the fault (Figures 3f and 3g). We quantify the differences between the two simulations by
calculating the ratio of the cumulative seismic slip to the total slip throughout each simulation, averaged over
the seismogenic zone (Figures 3d and 3h). The coupling coefficient decreases slowly during interseismic
periods and increases abruptly when earthquakes occur. Over time the jumps in coupling due to
earthquakes become smaller, as the cumulative total slip increases and each successive event has a
smaller effect on the ratio. In the case with larger W, the coupling coefficient converges to a stable value
of 0.69 assuming a threshold velocity of 1 mm/s (Figure 3d). For the case with smaller W, a larger fraction
of the total fault slip occurs aseismically, so the coupling coefficient converges to a much lower value of

Figure 3. Model results for two simulations, withW = 9.1 km (d40t55hs10, a–d) andW = 5.7 km (u1hs12, e–h). Both simula-
tions use h*~3.5 km and Vpl = 4.5 cm/year. (a, e) Imposed distribution of (a � b) on the fault surface. (b, f) Cumulative slip
contours averaged over the seismogenic zone. Gray lines show interseismic slip, contoured at 5-year intervals. Blue
lines show slip at velocities>1 mm/s, contoured at 200-s intervals. Green lines show slip at velocities>5 mm/s, contoured
at 15-s intervals. (c, g) Log of maximum slip velocity scaled by the plate rate, as a function of time. (d, h) Seismic coupling
coefficient through time.
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0.19 (Figure 3h). We find that these estimates are not strongly sensitive to the choice of the threshold velocity
for seismic slip. For example, if we assume a threshold of 5 mm/s instead of 1 mm/s, the coupling coefficients
for these two simulations decrease to 0.67 and 0.11, respectively.

We systematically investigated the effects of fault dip, thermal gradient, plate rate, and along-strike fault
length on seismic coupling in the model (Figure 4 and Table S1). As anticipated, the plate rate used to drive
the model does not affect the seismic coupling coefficient (Figure 4a) because it does not appear in the state
variable evolution law or the rate-and-state friction law. This also demonstrates that the seismic coupling
coefficient calculated at the end of each model run was not influenced by using the plate rate as the initial
condition for the fault slip rate when spinning up the model. However, the earthquake recurrence interval
does decrease systematically with increasing spreading rate when all other variables are held equal. This is
expected because the plate rate is required to calculate the accumulated stress in equation (5).

To mimic the typical length of mid-ocean ridge normal faults, we examined along-strike fault lengths of 25–
50 km and found that seismic coupling was not affected by the along-strike fault length within that range. In
test cases using a much smaller along-strike dimension similar to or smaller thanW, we found that very short
faults (L < W) suppress earthquake nucleation in the model, suggesting that an equivalent characteristic
nucleation length is also required for the along-strike dimension.

Variations in fault dip and the vertical thermal gradient have a pronounced influence on the coupling coeffi-
cient (Figures 4b and 4c, respectively). Specifically, when h* is held constant coupling increases with decreas-
ing fault dip and for colder thermal gradients. To interpret these variations, we ran an additional series of
models holding spreading rate, fault dip, and the vertical thermal gradient constant and varying h*. These
simulations show that the seismic coupling coefficient increases systematically with decreasing h*, consistent
with previous results on thrust (e.g., Liu & Rice, 2007) and strike-slip (e.g., Liu et al., 2012) faults. We therefore
infer that the sensitivity of seismic coupling to fault dip and thermal gradient is related to their respective
roles in controlling the down-dip width of the seismogenic layerW. For constant h*, the coupling coefficient
scales with W regardless of whether W is changed by varying the thermal structure or the fault dip.

Our model results indicate that seismic coupling on normal faults is strongly controlled by the down-dip
width of the seismogenic zone W relative to the critical nucleation patch size h*. Following Liu et al. (2012),
we quantify this relationship by plotting the seismic coupling coefficient χ against the dimensionless ratio
W/h* for each run (Figure 5). We completed 110 model runs in which W and h* were varied independently
by systematically changing fault dip, lithology, thermal gradient, and DC. In all these runs, the seismic cou-
pling coefficient was primarily sensitive to the value of W/h* regardless of which parameter was changed
(Table S1). Specifically, we find that χ goes to 0 (completely aseismic slip) for W/h* ≤ 1.3, jumps to ~0.7 for
W/h* > 2, and increases to ~0.90 when W/h* exceeds 5.

Figure 4. Calculated seismic coupling coefficient as a function of (a) spreading rate, (b) fault dip, and (c) vertical tempera-
ture gradient. h* is ~3.6 km in all model runs, and points are colored by the width of the seismogenic zone. We find that
spreading rate does not affect seismic coupling; however, coupling varies systematically with fault dip and the vertical
thermal gradient. As discussed in the text, we infer that the sensitivity of the coupling coefficient to fault dip and thermal
gradient is related to the influence of these parameters on the width of the seismogenic zone.

10.1029/2018JB015545Journal of Geophysical Research: Solid Earth

MARK ET AL. 6725



There were no resolvable differences in the seismic coupling coefficient
between simulations where frictional parameters were based on labora-
tory data from gabbro versus granite samples. Figure 5 shows that seismic
coupling for bothmaterials fall along the same trend withW/h*. The details
of the distribution of (a� b) as a function of depth are slightly different for
the two materials, with gabbro reaching slightly less negative values com-
pared to granite (Figure 2b; Blanpied et al., 1995; He et al., 2007). However,
in both cases the overall profile for a crustal fault goes from shallow velo-
city strengthening, through a velocity-weakening seismogenic zone, and
back to velocity strengthening at depth. The (a � b) distribution sets the
value of W, and (a � b) also factors into the value of h* through equa-
tion (3); thus, the differences in frictional parameters between these two
materials are reflected in W/h*.

4. Discussion

The models presented above indicate that the seismic coupling coefficient
for normal faults scales with the ratio of the width of the seismogenic layer
to the critical earthquake nucleation size (W/h*). We now contrast these
model results with previous rate-and-state models of oceanic transform
faults and compare our new normal fault simulations with observations
frommid-ocean ridge normal faults. Finally, we extend our results to a case
with much thicker lithosphere to test whether our models also apply to
continental rift systems.

4.1. Comparison of Seismic Coupling in Oceanic Normal and
Transform Fault Models

The scaling relationship between χ and W/h* that we derive for normal
faults is similar in form to the relationship found by Liu et al. (2012) for
oceanic transform faults (Figure 5). For suites of models the seismic cou-
pling coefficient increases abruptly over a narrow range of W/h* values
between 1 and 2. However, in the case of transform faults, Liu et al.
(2012) found that the seismic coupling coefficient reached a fully coupled
value of 1 for W/h* > 2. By contrast, we find that normal faults do not
become fully coupled for W/h* values up to ~7.

Seismic coupling may be lower in the normal fault models because the
faults we examined here are shorter in their along-strike dimension
compared to the transform fault cases examined by Liu et al. (2012). To
mitigate edge effects in our models, we excluded fault slip adjacent to
the fault edges from the summations of cumulative moment release; how-

ever, the length of the faults may limit the total seismic moment release. The along-strike lengths of the trans-
form fault models of Liu et al. (2012) mimicked the lengths of natural oceanic transforms, while the normal
fault lengths in this study were chosen to match the observed lengths of normal fault scarps on the seafloor.
The transform models with the longest faults (500 km) resulted in distinctly higher seismic coupling than the
shorter transforms (100–300 km) before full coupling is reached (Liu et al., 2012). To test whether along-strike
length was limiting the coupling coefficient in our models, we ran cases with 400- and 500-km-long normal
faults and found that increasing the along-strike fault length resulted in seismic coupling closer to that
observed in transform models with similarW/h*. In reality, such large along-strike fault lengths are not repre-
sentative of oceanic normal faults, where first- and second-order spreading segments are typically <100 km
in length (e.g., Macdonald et al., 1991, 1992). This underscores the importance of basing quantitative interpre-
tations of oceanic normal fault behavior on models calculated with appropriate fault geometries.

Another difference between our normal fault models and those calculated for oceanic transforms is that the
normal fault models include effects due to varying fault dip on seismic coupling beyond the dependence of

Figure 5. (a) Seismic coupling coefficient plotted against W/h* for all model
runs listed in Table S1: Purple squares correspond to runs with (a � b) based
on granite (Blanpied et al., 1995), and blue circles are for runs with (a � b)
based on gabbro (He et al., 2007). Uncertainty estimates are based on the
range of coupling excluding the first slip instability of each model run. The
black line shows the fit of equation (6) to the binned data points shown in
(b; see section 4). (b) Results from the transform fault models of Liu et al.
(2012) are plotted as green triangles, and bin averages of the points in (a) are
shown by blue circles. The black line is, again, the fit to the bin averages.
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W on dip. This dip effect derives from the influence of the free surface and will be more pronounced for
normal faults as their average depth is less than that of a transform fault with the same value of W.
However, most of our model runs were for relatively steep normal faults (<25% of the model runs used
fault dips less than 50°), so free surface effects alone are unlikely to account for the difference between the
normal and transform fault models.

4.2. Implications for Seismic Coupling at Mid-ocean Ridges

We quantitatively compare the predictions of our models with observations at mid-ocean ridges. To do this,
we first fit the model outputs of W/h* versus χ with the empirical function.

χ ¼ 10
c1þ tan�1

W
h��c2
c3

� �
(6)

This functional form was chosen because it follows the shape of an asymmetric sigmoid, thereby fitting both
the region of lowW/h* where χ is flat at 0 and the gradual increase in χ for largeW/h*. Equation (6) was fit to
the model results with the Python package scipy.optimize using nonlinear least squares and a trust region
minimization algorithm (Voglis & Lagaris, 2004). The individual model runs were binned before fitting
because the full data set is heavily weighted toward runs withW/h*~2. Fitting without bins favors a function
with a sharp corner near W/h*~2 at the expense of fitting runs with W/h* > 5. Using this approach, we
obtained optimal parameters of c1 = � 1.60, c2 = 1.46, and c3 = 0.16 (Figure 5).

To compare these estimates of coupling to data from natural systems, we use observations of moment
release rate normalized by spreading rate and segment length. The coupling coefficient can be related to

the normalized moment release rate _M0 by

χ ¼
_M0 sinφ

VplμH 1�Mð Þ (7)

where H is the thickness of the seismogenic layer andM is the fraction of plate separation accommodated by
magmatism (i.e., not on faults; Buck et al., 2005; Olive & Escartín, 2016). Combining equation (7) with our func-
tional fit to the model results (equation (6)), we solve for the moment release rate as a function of seismo-
genic layer thickness and then explore the sensitivity of this relation to the assumed values of M and h*.
Earthquakes in the oceanic lithosphere are generally observed to occur shallower than the 600 °C isotherm
(e.g., Bergman & Solomon, 1984; W.-P. Chen & Molnar, 1983; Mckenzie et al., 2005; Wiens & Stein, 1984),
and the transition from velocity weakening to velocity strengthening in olivine is also thought to occur near
that temperature (Boettcher et al., 2007). Thus, we relate the seismogenic layer thickness to the observed
spreading rate using the thermal model of Montési and Behn (2007). Specifically, we calculate the on-axis
depth to the 600 °C isotherm, assuming a high thermal diffusivity of κ = 4 × 10�6 m2/s in order to account
for the effects of hydrothermal circulation (Phipps Morgan et al., 1987; C. A. Stein & Stein, 1992).

Figure 6a shows observations frommid-ocean ridges with curves calculated using equation (7) with constant
h* and varyingM. With h* = 1 km, themid-ocean ridge data are best fit byM = 0.85–0.95 and are ill fit by much
smallerM values. Figure 6b shows the same data but with curves using constantM = 0.95 and varying h*. The
mid-ocean ridge data appear best fit by a value of h*~1 km and observations for seismogenic layer thick-
nesses <5 km cannot be fit by h* > ~2.5 km.

A least squares fit to the observations frommid-ocean ridges gives best fit parameters ofM = 0.93 and h* = 1.6
km. TheM value is roughly consistent with previous observations of seismic moment release (Solomon et al.,
1988) and cumulative fault slip (Behn & Ito, 2008; Escartín et al., 1999; Howell et al., 2016), which indicate that
70–90% of plate separation at mid-ocean ridges is accommodated by magma intrusion.

The value of h* in natural systems is a topic of some debate. Laboratory measurements of Dc predict very
small h* (Dc~10 μm, h*~5 m; Boettcher et al., 2007), while rate-and-state models such as those used in this
and other studies (e.g., Liu et al., 2012; Liu & Rice, 2007) require Dc and h* orders of magnitude larger than
the laboratory values in order to fit observations. Here we find that although an h* of 5 m can fit observations
at large seismogenic layer thickness (H> 8� 10 km), the optimal value h* = 1.6 km is much larger in line with

10.1029/2018JB015545Journal of Geophysical Research: Solid Earth

MARK ET AL. 6727



previous rate-and-state modeling studies. It is noteworthy that Dc may scale with gouge size (e.g., Marone &
Cox, 1994), in which case laboratory measurements on small samples would not be directly applicable to
much larger natural faults.

If h* represents the minimum length scale that must fail in order to nucleate an earthquake, then h* values on
the order of kilometers pose a problem for small earthquakes. For example, with the h* values used in our
models, we cannot produce earthquakes with Mw < 4, which involve rupture lengths shorter than ~1 km.
Some studies suggest that the nucleation length scale varies with the size of the following event (Dodge
et al., 1996; Ellsworth & Beroza, 1995), while others have argued that the self-similarity of earthquake rupture
processes breaks down below some threshold for small earthquakes (e.g., Jin et al., 2000). Either possibility
would allow for different characteristic nucleation length scales to govern different scales of earthquakes.
For example, small repeating earthquakes of Mw < 4 can be simulated within a velocity-weakening asperity
of h*~50–100 m embedded in a velocity-strengthening background (T. Chen & Lapusta, 2009). In this case,
seismic coupling at the scale of the asperity directly scales with the ratio of the patch size to h*. Small events
may thus be related to asperity-scale processes, while larger events could be controlled by mechanical pro-
cesses averaged over many asperities. Further, h* may vary spatially due to fault zone heterogeneity, allowing
different scales of events to occur on different parts of a fault.

In summary, the value of h* in natural systems remains a question, as models like ours do not fully agree with
laboratory values. The observations are best fit by h* = 1.6 km, a much larger value than has been previously
obtained from laboratory experiments. Detailed studies of the source parameters of small earthquakes
(Mw < 4) may help bridge the gap between laboratory measurements of h* and the nucleation length scales
of large faults.

An important outcome of our modeling is that the expected variations in ridge thermal structure and fault
geometry are sufficient to generate the variations in seismic coupling observed at mid-ocean ridges and that
material heterogeneities are not required to explain the observations. Of course, hydrous alteration and fluid
circulation play an important role in fault zones, and incorporating heterogeneous materials in models can
provide insight into higher-order complexities of the seismic cycle (e.g., Barbot et al., 2012). However, the fact
that our model accurately predicts seismic coupling at mid-ocean ridges using a reasonable M value shows
that hydrous alteration and heterogeneous fluid pressures are not required to explain first-order trends of
seismic coupling across mid-ocean ridges.

Figure 6. Observations of seismicmoment release rate normalized by spreading rate and segment length versus estimated
seismogenic layer thickness for mid-ocean ridges (circles; Frohlich & Wetzel, 2007; Olive & Escartín, 2016) and the Corinth
rift (triangle, this study). The moment release rate for Corinth is calculated using a spreading rate of 13 mm/year and a
segment length of 90–107 km. (a) Model predictions (colored lines) are calculated assuming different values ofM and h* = 1
km. The mid-ocean ridge data are best fit byM between 0.85 and 0.95, while the Corinth rift point falls closest to theM = 0
line. This is consistent with expectations for the amount of magmatic strain accommodation in these settings. (b) Model
predictions (colored lines) calculated from the empirical fit in Figure 5 with M = 0.95 and different values of h*. In thinner
lithosphere, the data are best fit by h*~1 km, while in thicker lithosphere, multiple values of h* fit the data equally well.
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4.3. Seismic Coupling in Thicker Lithosphere: Applications to Continental Rift Systems

Our model predicts that fault geometry and ridge thermal structure control seismic coupling on oceanic
normal faults through their influence on the width of the seismogenic zone, in agreement with observations
from mid-ocean ridges. However, the mid-ocean ridge data shown in Figure 6 are limited to relatively thin
oceanic lithosphere (H< ~10 km). Moreover, even at slow-spreading ridges the fraction of extension accom-
modated by magma is thought to be relatively high with M > 0.7 (Behn & Ito, 2008), with the exception of
regions immediately adjacent to detachment faults (Behn & Ito, 2008; Tucholke et al., 2008), which ultimately
account for a small fraction of total ridge length. Thus, to further test the applicability of our normal fault
models, we must look toward data from systems with thicker lithosphere and lower magma fluxes, such as
continental rifts.

Existing estimates of seismic coupling for continental rift systems are based on global averages of seismic
moment release rates and are not significantly different from estimates of coupling for slow-spreading
mid-ocean ridges (Bird & Kagan, 2004; Olive & Escartín, 2016). This could be due to the large uncertainty in
estimates of seismic coupling for continental rifts. Globally averaged estimates of coupling in continental rifts
rely on assumptions for the fault dip and thickness of the seismogenic layer. Using data from multiple rift
systems involves large uncertainties on these assumptions, which in turn propagates into large uncertainty
in the inferred seismic coupling coefficient. Moreover, most individual rifts lack seismic catalogs of sufficient
time length to capture multiple seismic cycles, precluding estimates of seismic coupling for individual rifts.

To address these limitations, we estimated seismic coupling for the Corinth rift, a single, well-studied rift sys-
tem located in the Gulf of Corinth where tighter constraints can be placed on fault dip and seismogenic layer
thickness based on local structural geology and seismic data. We chose to focus on the Corinth rift because a
local seismic catalog spanning 40+ years was available for analysis (Makropoulos et al., 2012), complete down
to ML = 3.7 (Wiemer & Wyss, 2000). Extensive information is also available on regional structure, and the dis-
tribution of seismicity suggests that the seismogenic layer is between 10 and 20 km thick (Armijo et al., 1996;
Beckers et al., 2015; Bell et al., 2009; Bernard et al., 1997; Briole et al., 2000; Chouliaras et al., 1997; Clément
et al., 2004; Lambotte et al., 2014; Micarelli et al., 2003; Moretti et al., 2003; Rigo et al., 1996; Taylor et al.,
2011; Zelt et al., 2005). We estimated the seismic coupling coefficient for the Corinth rift using both the local
catalog with moment conversions (Deichmann, 2006, 2017; Hanks & Boore, 1984; Papazachos et al., 1997),
and data from the International Seismological Centre catalog (International Seismological Centre, 2017).
The methods used to calculate the coupling coefficient are described in detail in the supporting information.
We find that faults in the Corinth rift are likely to be fully or almost fully coupled, with a coupling coefficient of
1 ± 0.3. This is significantly different from observations at slow-spreading mid-ocean ridges where the
coupling coefficients are ~0.1–0.6 (Olive & Escartín, 2016).

Predictions from our normal fault models can match the normalized moment release rate for the Corinth rift
with M = 0, consistent with the absence of magmatic activity in this rift, and with the same approximate h*

value of 1 km as fits the mid-ocean ridge data (Figure 6a). We stress that the Corinth rift is only one example
of coupling in a continental rift and cannot be used to conclude that our models apply across all divergent
plate boundaries. However, it does suggest that these models may be applicable in thicker lithosphere
and in settings with different time-averaged magmatic strain accommodation. As previously mentioned, it
is difficult to estimate coupling in most individual rift systems because of a lack of data, but future studies
should test the model predictions presented here by estimating seismic coupling in other locations where
sufficient data can be found.

5. Conclusions and Perspectives

Analysis of earthquake catalogs at mid-ocean ridges reveals that the energy associated with repeated seismic
ruptures falls short of the moment release expected for observed long-term slip on normal faults. This obser-
vation suggests that aseismic slip is essential to the accumulation of offset on mid-ocean ridge normal faults.

One end-member explanation is that the fault surface is mechanically heterogeneous and only hosts a few
patches capable of rupturing in a seismic manner. Normal faulting earthquakes as large as Mw~5 � 6 (typi-
cally associated with rupture lengths ~10 km) have, however, been observed at fast-spreading ridges,
suggesting that the weak seismic coupling characteristic of these settings cannot be explained solely by
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seismogenic slip being confined to small, isolated patches. Further, the heterogeneity model provides no
straightforward explanation for why the seismic moment deficit is greater at faster-spreading
mid-ocean ridges.

The alternative explanation we consider here postulates that a reduction in the size of the seismogenic zone
hinders the nucleation of slip instabilities on normal faults. This favors a mixed mode of slip where normal
fault growth occurs through both aseismic transients and earthquakes that repeatedly rupture the same
areas. The hotter thermal regime associated with faster-spreading rates reduces the extent of the seismo-
genic zone, which shifts the balance toward fewer earthquakes, more aseismic transients, and lower seismic
coupling. This explanation is favored by models of strike-slip and thrust faults but had not previously been
tested in models with the specific geometry of normal faults.

In this study, we present a suite of normal fault models to test whether variations in the size of the seismo-
genic zone could produce the range of seismic coupling observed in natural systems. Our models show that
this effect can account for the observed trend of seismic moment release rate versus seismogenic layer thick-
ness (Figures 1 and 6), provided the characteristic nucleation size of earthquakes (h*) is of order 1 km. The
models fit observations frommid-ocean ridges withM = 0.85–0.95 and can explain observedmoment release
rates in the Corinth rift with M = 0. We find a relationship between seismic coupling andW/h* similar to that
seen in transform fault models, but the shorter length of mid-ocean ridge normal faults may limit seismic
coupling for large W/h* compared with long oceanic transforms.

While our models show that variations in the width of the seismogenic zone can explain the first-order trends
in observations from mid-ocean ridges, other factors may also contribute to local variability. For example,
fault behavior likely also reflects the combined effects of frictional heterogeneities, geometric complexity
of the fault zone, and some degree of tectono-magmatic interaction, as well as the finite extent of the seis-
mogenic zone. A satisfying mechanism or combination of mechanisms to explain segment-to-segment varia-
bility will need to account for not only the magnitude of the seismic deficit at mid-ocean ridges but also for
the trends in seismic deficit across spreading rates. Future work building on this understanding of first-order
controls on seismic coupling for normal faults can begin to target more complex controls on normal fault
seismicity. Models could combine a rate-and-state framework with time-dependent magmatism to look at
the effects of dike intrusions on seismic cycles. Further, seismic and geodetic observations of discrete conti-
nental rifting events fromwell-instrumented rift systems (e.g., Calais et al., 2008; Ebinger et al., 2010; Keir et al.,
2006) can help us understand the interplay betweenmagmatism and tectonic extension at divergent bound-
aries over a wider range of seismogenic layer thicknesses and M values than are found in the oceans.
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