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Earthquakes and slow slip are different faulting processes that release accumulated stress on different 
time scales. Despite nearly two decades of study, it is still unclear whether the same section of fault 
is capable of hosting both slow, aseismic and fast, seismic slip. Here, we jointly invert GPS, strong 
motion records, and empirically corrected tsunami waveforms for the 2018 M7.1 Hawai’i earthquake. Our 
inversion results suggest the earthquake had a slow rupture speed of 1.2 km/s with a maximum slip of 
∼3 m South-East of the hypocenter extending to the South-West through an area known to regularly host 
slow slip events. After exploring how the choice of fault geometry and regularization parameters affect 
the slip distributions of the earthquake and slow slip events we find strong evidence of overlap between 
the two. Additionally, we perform numerical modeling to simulate fast and slow slip behavior. Due to the 
homogeneity of the Hawaiian décollement differences in effective stress are likely an important factor 
that causes the diversity of slip. We find that an earthquake can completely penetrate into the slow 
slip zone provided the effective stress differences between fast and slow slip zones is large enough to 
facilitate this. Our results reinforce the idea that an individual section of fault is capable of hosting a 
variety of distinct slip behaviors. This is important for estimating earthquake rupture extent and for 
better ground motion and tsunami hazard assessment.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Fast and slow slip

Earthquakes represent rapid release of accumulated strain along 
faults and typically occur on timescales of fractions of a second 
to minutes in the largest earthquakes. To generate high frequency 
seismic waves, typical earthquakes slip at velocities ranging from 
10−4 to 1+ m/s (e.g. Galetzka et al., 2015; Thomas et al., 2016). 
In contrast, slow, transient fault slip occurs on timescales of sec-
onds to years resulting in slip velocities that are usually at most 
1-2 orders of magnitude above the plate rate (Bürgmann, 2018). 
Transient slow slip events were originally discovered down dip of 
seismogenic zone in Japan and Cascadia (Obara, 2002; Rogers and 
Dragert, 2003). However, in the nearly 20 years since its original 
discovery it is now clear that transient slow slip can also occur in 
the shallow portion of subduction megathrusts (Yamashita et al., 
2015; Saffer and Wallace, 2015; Wallace et al., 2016) and within 
the seismogenic zone (Ito et al., 2013; Dixon et al., 2014).
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Regions that regularly host transient slow slip are often ob-
served adjacent to highly coupled regions of subduction megath-
rusts capable of generating large magnitude earthquakes (e.g. 
Dixon et al., 2014; Radiguet et al., 2016; Rolandone et al., 2018). 
This observation naturally raises questions as to whether the same 
section of fault is capable of hosting both slow and fast slip. If 
they are, then using only the highly coupled regions of subduction 
megathrusts to estimate the areal footprint of future earthquakes 
may fundamentally underestimate rupture extent and earthquake 
magnitude. Beyond estimating the extent of future earthquakes, 
the ability of slip to penetrate into regions hosting slow slip has 
important implications for ground motion and tsunami hazards. 
For example, in many subduction zone geometries the down dip 
region of subduction megathrusts is the section of fault closest to 
major population centers, hence increasing slip in this region will 
increase ground motions there (Chapman and Melbourne, 2009; 
Frankel et al., 2015; Ramos and Huang, 2019). In contrast, increas-
ing slip near the trench results in larger sea floor displacements 
and resulting tsunamis (Satake et al., 2013; Melgar et al., 2016).

Despite the aforementioned implications, to date there is a 
dearth of observations of regions known to host slow slip over-
lapping with those that host coseismic slip. Here we show that 
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the 2018 M7.1 Hawaii earthquake (Fig. 1) ruptured the entirety 
of an adjacent region that regularly hosts transient aseismic slip. 
After exploring the extent of overlap as a function of fault plane 
geometry and inversion regularization parameters we find that, for 
most reasonable choices, the SSEs and coseismic slip overlap nearly 
entirely with the majority of the SSE regions hosting 1+ m of co-
seismic slip. Finally, we use simplified numerical models of fault 
slip to explore the conditions that promote significant overlap and 
discuss which variations in fault mechanical properties are likely 
responsible for variations in slip behavior.

1.2. Tectonic setting of Hawaii

The south east flank of Hawaii’s Kı̄lauea volcano is a region 
of complex tectonics that reflect a combination of earthquake and 
magmatic processes (Owen et al., 1995). Leveling, continuous, and 
campaign Global Navigation Satellite System (GNSS) measurements 
indicate that it moves seaward at rates that can exceed 10 cm/yr 
(Owen et al., 1995; Delaney et al., 1998). This deformation is 
thought to be driven by unstable gravitational spreading and ac-
cumulation of magma along Kı̄lauea eastern rift systems (Thurber 
and Gripp, 1988) and is accommodated on a décollement dip-
ping shallowly to the NW. The décollement is thought to coincide 
with the interface between the underlying oceanic crust and the 
volcanic edifice (Hill, 1969; Furumoto and Kovach, 1979; Naka-
mura, 1982). As such, the décollement is likely made up of a 
thin (<1 km) layer of oceanic sediments based on observations 
of low velocity seismic waves (Thurber et al., 1989) and mea-
surements of sediment thickness in the Pacific basin surrounding 
Hawaii (Nakamura, 1982). The distribution of seismicity beneath 
the East rift zone (ERZ) clearly illuminates a planar geometry at 
a depth of 7∼10 km (Klein et al., 1987; Denlinger and Okubo, 
1995; Got and Okubo, 2003) that extends seaward, which has been 
well-constrained by focal mechanisms and seismic reflection data 
(Gillard et al., 1996; Morgan et al., 2000; Park et al., 2007). Large 
earthquakes have occurred on the décollement, such as the 1868 
M7.9 Kao and the 1975 Mw7.7 Kalapana earthquakes. Additionally, 
this structure hosts both periodic and aperiodic slow slip events 
(SSEs).

1.3. Slow slip events in Hawaii

Cervelli et al. (2002) first identified slow slip in GPS data 
recorded on Kilauea’s south flank that manifest as systematic GPS 
displacements of up to 1.5 cm occurring over a 36 hour period. 
Those authors found that the displacements were best fit by a 
shallow, thrust source located at 4.5 km depth. Accounting for ma-
terial heterogeneity increased the estimated source depth to 5 km 
which led those authors to conclude that the slow slip was too 
shallow to be on the décollement. Later, Segall et al. (2006) and 
Brooks et al. (2006) showed that M5.5-5.9 transient SSEs regu-
larly occur in Hawaii and can be magmatically triggered (Brooks et 
al., 2008). Additionally, Segall et al. (2006) employed the location 
and timing of coeval, triggered microseismicity to argue that these 
SSEs do indeed occur on the décollement. Montgomery-Brown et 
al. (2009) later showed the accounting for the combined effects 
of topography and elastic heterogeneity can reconcile the inferred 
depths of the SSEs with the depths of coeval microseismicity, fur-
ther supporting the idea that both occur on the décollement.

Additionally, Montgomery-Brown et al. (2009) identified new 
SSEs with distinct deformation patterns. Foster et al. (2013) later 
recognized that there are two different asperities that produce 
SSEs; a western asperity that hosts nearly periodic SSEs that av-
erage with typical magnitudes of ∼M5.8 and an eastern asperity 
that hosts irregular ∼M5.4 slip events.
2. Methods and results

2.1. The Mw7.1 2018 Hawaii earthquake

The May 4 Mw7.1 Hawaii earthquake is the largest earthquake 
on the island since the 1975 M7.7 Kalapana earthquake (Owen and 
Bürgmann, 2006). In addition to widespread strong shaking it pro-
duced a tsunami with a maximum wave height of 40 cm recorded 
at a nearby tide gauge (KAPO, Fig. 1). Different slip models using 
teleseismic, strong motion, GPS, tsunami data or some combination 
thereof have been published in the literature (Liu et al., 2018; Bai 
et al., 2018; Chen et al., 2019). While these models differ in their 
specifics, their salient features are similar and include peak slip of 
approximately 3 m on a structure dipping shallowly (5∼7.5◦) to 
the NW, with an average rupture speed of approximately 1 km/s. 
Another common feature of these slip models is they either do not 
include or fail to completely reproduce near-field tsunami obser-
vations at stations HONU and KAPO (Fig. 1). Published inversions 
for the Hawaii earthquake that have attempted to include the near-
field tsunami data ultimately have noted large arrival time discrep-
ancies (e.g. the difference between modeled and observed arrival 
times as large as ∼4 min at KAPO, only 30 km from the hypocen-
ter (Bai et al., 2018)).

Near field tsunami data provide important constraints on rup-
ture extent and total moment (Satake et al., 2013), hence repro-
ducing these observations is important because the 2018 Hawaii 
earthquake occurred almost completely offshore. We note that 
large tsunami misfits may indicate that flank failure may have oc-
curred as part of the 2018 event, similar to the 1975 Kalapana 
earthquake discussed by Owen and Bürgmann (2006). However, 
our analysis completely rules out this possibility. Careful exami-
nation of the tide gauge records reveals a small tsunami signal 
resulting from a Mw5.7 foreshock which occurred ∼1 hr before the 
mainshock with very similar source location and focal mechanism 
(Fig. 2). This small event also has a significant time delay. This tim-
ing issue in near-field recordings has been noted before (Romano 
et al., 2016) and is attributed to artificial delays introduced into 
modeling of the tsunami propagation by the finite resolution of 
the digital bathymetric model in the near-shore region where tide 
gauges are located. To correct for this issue, we employ a novel 
empirical time calibration technique to the tsunami data recorded 
at near-field stations. We take the tsunami from Mw5.7 foreshock 
recorded at both tide gauges and use it to find the optimal time 
shift for the Mw7.1 mainshock tsunami record. The tsunami wave-
forms of the Mw5.7 foreshock and mainshock are very similar 
as they share nearly identical path and site effects. Because the 
Mw5.7 earthquake is a relatively small event, it can be treated as 
a point source. We use the W-phase moment tensor solution to 
calculate the expected coseismic seafloor deformation and use this 
as the tsunami initial condition. We model its propagation model 
to both tide gauges and obtain the timing misfit by cross correla-
tion between the modeled and observed arrivals. The time shifts 
between synthetic and observations are 240 s and 135 s for KAPO 
and HONU, respectively. These delays are employed as empirical 
time corrections for the mainshock inversion and lead to good fits 
to the data.

We determine the slip distribution of the 2018 earthquake by 
jointly inverting the time-corrected tide gauge data, GPS mea-
surements of permanent deformation (static offsets), and strong 
motion records. Data fits are shown in (Fig. S1). The resulting 
slip model explains the near-field tsunami observations, suggest-
ing that no slope failure process was involved in the 2018 event. 
We provide details on the inversion method in the supplemen-
tary material. In our preferred model, slip occurs on an asperity 
located southeast of the hypocenter (Fig. 1) with a maximum slip 
of 3.2 m at a depth of 3.5 km resulting in an overall Mw7.1 event. 
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Fig. 1. Map of southeastern Hawai’i island. (a) Blue, orange and green vectors show the recorded GNSS horizontal displacements from the 2018 Mw7.1 earthquake, SSE-East 
and SSE-West, respectively. Triangles denote the strong motion stations from the Hawaiian Volcano Observatory network. The yellow circles represent tide gauges (KAPO, 
HONU) and one DART buoy (DART). The colormap shows the joint GPS, strong motion and corrected tsunami inversion for the 2018 earthquake on the same fault plane of 
Liu et al. (2018). Orange and green contours mark the SSE areas of Foster et al. (2013). Focal mechanisms and hypocenters (stars) are taken from the USGS NEIC, including 
the Mw5.7 foreshock (20180504T21:32:44) shown in black and the mainshock (red). Brown lines denote regional active faults identified by the USGS. (b) Cross section along 
the red line shown in Panel A (a). The black triangle indicates the Kilauea’s eastern rift system. Black lines represent the décollement of Hawaiian flank and the oceanic crust 
inferred by Morgan et al. (2000) (reflection profile 2 in Fig. 4) and the structures modified from Montgomery-Brown et al. (2009, Figure 18). Brown rectangles show all 45 
fault geometries (i.e. projected from 3D to 2D) explored in our overlap analysis described below (shown in Fig. 3a). The red rectangle marks the fault of Liu et al. (2018) that 
is also shown in Fig. 1(a). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Our preferred slip pattern also shows that the 2018 event rup-
tured southwest of the hypocenter toward the SSE area. We find 
a preferred rupture velocity of 1.2 km/s (Fig. S2), consistent with 
the results of previous studies (Liu et al., 2018; Bai et al., 2018). 
Considering the 3.7 km/s shear wave velocity at this depth (Ta-
ble S1), this is a relatively slow rupture speed. Analysis of rupture 
progression indicates the rupture front reached the main asperity 
10s after initiation, gradually ruptured to the southwest beginning 
at 17s, and ceased after 32s (Fig. S3). We also test the joint inver-
sion with corrected and uncorrected tsunami waveforms, and the 
result shows that the model cannot explain tsunami data without 
empirical time corrections (Fig. S4).

Although the fault geometries of the 2018 earthquake employed 
in previous studies (e.g. Liu et al., 2018; Bai et al., 2018; Chen et 
al., 2019) seem to be distinct from the décollement, i.e. they have 
a shallower preferred depth of ∼6 km and a steeper fault dip of 
∼7◦ or 20◦ according to the USGS W-phase moment tensor, this 
possibility has been ruled out by Chen et al. (2019). As they show, 
the fault depth is not very sensitive to the data they used in their 
joint inversion (i.e. teleseismic, GPS and strong motion) since the 
variance reduction (VR) only changes by up to 2% when varying 
the hypocentral depth between 5 and 9 km. Thus, the preferred 
shallower fault plane is only a plausible solution and we can only 
resolve the geometry within some range based on reasonable con-
straints (Table 1) from grid-searching, not a global minimum of the 
models. Also, the initial dip angle of 20◦ from USGS was refined by 
a later analysis of Love Wave radiation patterns to between 2.5-7.5◦
(Lay et al., 2018), suggesting the 2018 earthquake took place on a 
fault plane with a geometry similar to the décollement.

2.2. Overlap of slow and fast slip

The results presented above suggest that there is significant 
overlap between the 2018 earthquake and SSE slip distributions so 
we now explore to what extent coseismic slip overlaps with SSEs. 
The relatively simple faulting environment and very dense modern 
geophysical observations when compared to subduction zone set-
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Fig. 2. Tsunami waveforms and empirical tsunami correction. The blue (T1) and red 
(T2) areas mark the tsunami data from foreshock and mainshock, respectively. In-
set T1 v.s. T1 model shows the tsunami model (blue dashed line) and the shifted 
model (red line) of the foreshock. The shifts are then used to correct the unmod-
eled error in the mainshock tsunami. Inset T1 v.s. T2 shows the normalized tsunami 
of foreshock (blue) and mainshock (red).

Table 1
Constraints for the grid-searched inversions.

Earthquake SSE-West SSE-East

Mw 6.9<Mw < 7.3 5.5<Mw < 6.1 5.2<Mw < 5.6
VRGPS VR > 70 VR > 80 VR > 50
Slipmax(m) 1<Slipmax < 5 0<Slipmax < 1 0<Slipmax < 0.8

tings (e.g. Yamashita et al., 2015; Wallace et al., 2016; Ito et al., 
2013; Dixon et al., 2014) make Hawaii Island an ideal place to ex-
plore this question. Owing to the large magnitude and associated 
fault dimension (i.e. >30 km), all studies of the 2018 earthquake 
agree the event, like the SSEs, ruptured the décollement (Liu et al., 
2018; Bai et al., 2018; Chen et al., 2019). In order to determine the 
extent of overlap, we re-invert GPS data from Foster et al. (2013)
for the SSE slip distribution; and jointly invert GPS, strong motion, 
and tsunami records for the earthquake slip distribution using the 
same inversion method introduced in the supplementary material. 
Our checkerboard tests show good resolution for the earthquake 
inversion, and satisfactory resolution in the SSE source region (Fig. 
S5). Because of the uncertainties in both the location and geometry 
of the décollement, we test a range of fault geometries with strikes 
of 229◦-249◦ , dips of 3◦-11◦ , and depth of 5-9 km; a total of 45 
possible fault geometries. We also grid search Laplacian spatial reg-
ularization for each geometry. Rather than determining a best fit 
fault plane and slips we consider all possible models that have 
a reasonable VR and moment magnitude when compared to far-
field moment tensor solutions and results from different sources of 
joint inversion (Bai et al., 2018; Liu et al., 2018; Chen et al., 2019), 
defined in Table 1. Note that for SSEs, only the VRGPS is consid-
ered. For the earthquake, the joint inversion has regularized all 
the dataset together and VRGPS above 70 should give satisfactory 
models that will be used for our overlap analysis discussed below. 
Detailed calculations are provided in the supplementary material.

We define overlap as the area between the contours corre-
sponding to 50% of the peak SSE and earthquake slip from our 
inversions. We note that top 50% of slip is a strict criterion, how-
ever, our goal is to qualitatively check whether the slip distribu-
tions overlap, and not to determine the exact overlapping area. 
Therefore, a strict threshold slip criterion avoids contributions from 
small localized slip patches that result from underregularization. 
Fig. 3 summarizes the overlap measurements for earthquake and 
the two SSE families. Slip inversion results for all 45 fault geome-
tries are shown in Fig. S7. In Fig. 3a, panels on the left and right 
represent the western and eastern SSE respectively. Each row rep-
resents a different centroid depth of 5, 7, and 9 km. The size of 
gray circles in Fig. 3a shows the overlapping areas of all the possi-
ble earthquake and SSEs models that fit the criteria in Table 1 for 
the associated strike and dip. We note that due to a wide range of 
regularization parameters, there may be multiple inversion results 
that satisfy the criteria in Table 1 for any given geometry. Thus, we 
average all the possible models since the most appropriate model 
is the one that shares common features that are emphasized by 
averaging (color coded circles in Fig. 3a). We also note that there 
are some models that rupture to the edge of the fault plane (e.g. 
Fig. 3c, 3d), which are end-members that satisfy the criteria in Ta-
ble 1, and are downweighted by averaging. Our results indicate 
that when the fault moves closer to the décollement dip of 3◦ , 
the average overlap systematically increases for both families. This 
supports the idea that significant overlap must occur for most rea-
sonable choices of fault geometry if the SSEs and coseismic slip 
occur on the same fault plane. The tests show that the overlap is 
not sensitive to depth of 5 and 7 km. This is likely because the 
insensitivity of inversion for depth, consistent to the test of Chen 
et al. (2019). However, for the centroid depth of 9 km, the model 
does not favor the steep geometry, which extends the fault to 12 
km depth. This depth is below the décollement (Fig. 1b) and only 
a few models can pass our constraints, making small to no overlap 
for most of the slip inversions (Fig. 3a).

2.3. Modeling slip penetration

The physical mechanism that gives rise to slow fault slip and 
that best represents the range of natural slow-slip phenomena is 
still debated. Producing events that slip slowly requires that slip 
be able to nucleate and accelerate but quench at moderate slip 
speeds. Numerical models that reproduce this behavior have i) in-
corporated frictional rheologies that change from rate weakening 
to rate strengthening at a threshold slip rate (e.g., Hawthorne and 
Rubin, 2013), ii) included mixtures of rate-weakening and rate-
strengthening (Skarbek et al., 2012) or viscous materials (e.g., Ando 
et al., 2012), iii) called upon dilatancy to stabilize slow rupture 
(e.g., Segall et al., 2010) and iv) appealed to a characteristic length 
scale to stabilize rupture (Liu and Rice, 2009; Rubin, 2008).

Rate and state friction characterizes the frictional behavior of 
faults observed during laboratory experiments (Dieterich, 1978, 
1979; Ruina, 1983) and casts the friction coefficient as a func-
tion of slip rate and a single state variable (Dieterich, 1979; Ruina, 
1983). Here, we model the fault strength τ using a form of the 
rate and state friction law given by

τ (V , θ) = foσ + aσ log

(
V

Vo

)
+ bσ log

(
V cθ

Dc
+ 1

)
, (1)

where σ is the effective normal stress, a and b are dimensionless 
material constants, V is the slip rate, θ is the state variable which 
evolves according to slip law (supplementary material), Dc is the 
critical slip distance over which the state variable evolves, V c is 
the cut off velocity (e.g. Hawthorne and Rubin, 2013), and Vo and 
fo are reference values of slip rate and friction, respectively.

To explore the conditions that give rise to the observed overlap 
between slow slip and co-seismic regions, we employ a boundary 
element model of a 1D fault embedded within a 2D whole space 
(see supplementary material for details). This 1D fault (Fig. 4a) cor-
responds to along-strike length of the fault at a fixed seismogenic 
depth. The values of all the parameters used in this study are pro-
vided in Table S2. We model both the coseismic zone (CSZ) and 
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Fig. 3. Overlapping areas of coseismic slip and SSEs from our inversion tests. (a) The light gray circles show the overlapping areas of all the possible solutions. Colored circles 
show the averaged of the light gray circles with numbers denoting the averaged overlapping area (in km2). Dashed black boxes mark the preferred décollement dip and 
depth. (b)–(d) show examples of overlapping calculations with (229◦ , 7◦ , 5 km), (244◦ , 3◦ , 7 km) and (229◦ , 7◦ , 9 km) for strike dip and depth, respectively. The red, blue 
and black lines mark the top 50% of slip from the earthquake, East SSE and West SSE inversion, respectively. Gray areas in the insects show the solutions that fit the given 
VR, Mw and maximum slip constraints (Table 1).
slow slip zone (SSZ) using rate-weakening properties and values 
of V c that are above and below coseismic slip rates respectively. 
We chose a velocity weakening-to-strengthening rheology because 
it is relatively simple to implement and will allow us to gain in-
sight into the first-order interactions between slow and fast slip. 
Our intent is not to endorse Eq. (1) as the definitive rheology re-
sponsible for slow earthquakes. Similarly, our goal here is not to 
reproduce the exact characteristics of the SSEs and earthquakes on 
the décollement, but rather to build a model that reproduces some 
of the characteristics of that system in order to gain insight into 
which conditions promote coseismic slip penetrating into a region 
favorable for hosting SSEs.

In the model, we prescribe V c << co-seismic slip rates within 
the SSZ to reproduce slow slip behavior, while the value of V c is of 
the order of co-seismic slip rates within the CSZ. It is important to 
note that a model that reproduces the long recurrence interval co-
seismic patch juxtaposed with a comparatively shorter recurrence 
interval slow slip patch requires further contrast of a, b, Dc , or 
σ values between the SSZ and the CSZ. We do not expect major 
changes in temperature between the CSZ and the SSZ as the CSZ 
to SSZ transition occurs along the fault strike. Additionally, as the 
décollement is lithologically homogenous (Nakamura, 1982), we do 
not expect large variations in a, b, or Dc . As such, the difference 
between effective stress of the SSZ and the CSZ may play an im-
portant role in controlling the contrasting slip behavior of the SSZ 
and the CSZ. This contrast is well motivated owing to the abun-
dance of observations suggesting that globally regions that host 
transient slow slip operate at very low effective stress (e.g. Thomas 
et al., 2012). In our models, we primarily focus on how varying the 
effective stress affects coseismic rupture propagation and its pen-
etration into the SSZ. We prescribe σ S S Z < σ C S Z for most of our 
simulations. However, a few simulations are also performed using 
σ csz = σ ssz; in this case we assume Dssz

c < Dcsz
c to explore the ef-

fect of similar effective stresses on coseismic rupture.
Fig. 4(b) shows the time evolution of the slip rate within the 

SSZ and the CSZ for the case of Dssz
c < Dcsz

c for Dssz
c = 4 mm, the 

Dcsz
c = 20 mm, σ csz = 10 MPa, and σ C S Z = σ S S Z . Fig. 4(b) shows 

that this model successfully reproduces earthquake cycles on both 
the CSZ and the SSZ. Additionally, coseismic events (CSEs, Fig. 4(c)) 
have longer recurrence intervals and many SSEs nucleate within 
the SSZ during the interseismic period. Fig. 4(d) and Fig. 4(e) show 
slip evolution at individual grid points within the CSZ and SSZ re-
spectively. When a SSE nucleates, it mainly stays within the SSZ 
with either no or very slight penetration into the CSZ. This slight 
penetration of SSEs generally happens late in the earthquake cycle 
for the models we explored (Fig. 4 (b)). Segall and Bradley (2012)
observed similar SSE penetration prior to the onset of a megathrust 
earthquake in their 2D depth-dependent model. When coseismic 
rupture starts, it penetrates into the SSZ, but the total penetration 
of the rupture into the SSZ varies (Fig. 5 and 6). The penetration of 
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Fig. 4. Model setup and time evolution of slip rate within the slow slip zone (SSZ) and the co-seismic zone (CSZ). (a) Model setup of our simulations. We model the fault 
with rate weakening properties. The fault is divided into two parts. First 20 km of the fault represent the SSZ, while last 40 km of the fault represent the CSZ. The value of 
V c is different for both the CSZ and the SSZ (V ssz

c << V csz
c ). (b) The slip rate evolution along the whole length of the fault. The value of σ csz and σ ssz is kept the same (10 

MPa), while Dcsz
c value is 20 mm, and the Dssz

c value is 4 mm. We observe many slow slip events (SSEs) nucleating within the SSZ between two co-seismic events (CSEs). 
Both the SSEs and CSEs are labeled. (c) The initiation and propagation of the CSE within the CSZ. As the rupture expands from its initial location, the slip rate increases and 
rupture grows. A complete CSE rupture is shown in Fig. 5. (d) Slip rate evolution for a single grid point within the CSZ (red triangle in Fig. 4(b)) covering two CSEs. (e) Slip 
rate evolution for a single grid point within the SSZ (black triangle in Fig. 4(b)) covering two CSEs. The penetration of CSE into the SSZ results in a shorter recurrence of SSE 
right before a CSE. The colorscale is the same for both b and c.
a CSE into the SSZ can be observed in Fig. 4(e), where the recur-
rence interval of SSEs shortens due to coseismic slip.

To investigate co-seismic rupture penetration from the CSZ to 
the SSZ, we select three different levels of σ csz and seven dif-
ferent values of the effective stress ratio (σ ssz/σ csz) to explore 
the influence of effective stress on CSE propagation characteris-
tics. Fig. 5 (a-c) show three different example rupture scenarios 
involving rupture penetration from the CSZ to the SSZ during a 
CSE. The first rupture scenario typically occurs at higher effective 
stress ratios (> 0.6), and is shown in Fig. 5(a). A rupture nucleates 
within the CSZ (Fig. 5(a), blue curves), and then expands within 
CSZ (green curves). The propagation speed with which the rupture 
expands is observed to vary in each simulation. Rupture begins 
decelerating at the CSZ-SSZ interface as it penetrates into the SSZ. 
The rupture deceleration is marked in Fig. 5(a). During penetra-
tion of the rupture into the SSZ, no secondary nucleating patch 
within the SSZ is observed, and thus the rupture can be consid-
ered as a single rupture, penetrating from the CSZ to the SSZ. The 
second rupture scenario occurs at an intermediate effective stress 
ratio (0.6-0.4), and is shown in Fig. 5(b). Rupture nucleates and ex-
pands within the CSZ (Fig. 5(b), blue and green curves). Once it hits 
the CSZ-SSZ interface, a small secondary patch within the SSZ nu-
cleates. The secondary patch is labeled in Fig. 5(b). This secondary 
patch nucleation results in the larger penetration of the rupture 
as compared to the first case. The final rupture scenario occurs at 
a lower effective stress ratio and is shown in Fig. 5(c). A primary 
rupture nucleates within the CSZ, while before the co-seismic rup-
ture hits the CSZ-SSZ interface, we observe nucleation occurring on 
a secondary patch within the SSZ. Both the primary and secondary 
nucleation can be observed in Fig. 5(c). Since the effective stress is 
significantly lower within the SSZ, the elastic stress changes from 
the primary slip patch assist in the nucleation of the secondary 
pulse. Once the rupture front from the CSZ reaches the CSZ-SSZ in-
terface, the pre-existing secondary rupture facilitates rupture into 
the SSZ, which in most of our simulations results in a 100% pene-
tration (or complete penetration) of the CSE into the SSZ.

Fig. 6(a) and Fig. 6(b) shows the percent penetration of coseis-
mic rupture into the SSZ for different σ csz levels and different 
values of the effective stress ratio. The percent penetration is de-
fined as the ratio of the length of the SSZ ruptured by the CSE 
to the total length of the SSZ. Fig. 6(a) shows penetration of a 
CSE for V ssz

c = 10−8 m/s, while Fig. 6(b) shows penetration of CSE 
for V ssz

c = 10−6 m/s respectively. The minimum CSE penetration 
is observed to be 37% in Fig. 6(a) and 48% in Fig. 6(b). Minimum 
penetration occurs at high σ csz (= 10 MPa), and a high effective 
stress ratio (= 0.8). For σ csz values of 5 MPa and 2.5 MPa (shown 
in Fig. 6(a), and 6(b) by triangles, and circles respectively), we ob-
serve lesser rupture penetration for higher effective stress ratios, 
comparatively more rupture penetration for smaller stress ratios, 
while complete rupture penetration occurs at the smallest stress 
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Fig. 5. Different CSE rupture scenarios observed in this study. Each curve represents a time snapshot of slip rate as a function of distance along fault, not equally spaced in 
time. Note that the time step decreases as the slip speed increases. Different colors represent different stages of the CSE rupture. The blue color represents the early stage of 
a CSE. This is the stage when rupture initiation occurs. The green color shows the middle stage of a CSE. This is the stage when the rupture grows and expands along the 
fault, reaches the CSZ-SSZ interface. The red color shows the final stage of a CSE, this stage marks the onset of the rupture termination. (a) The first CSE rupture scenario 
(with stress ratio = 0.7, σ C S Z = 10 MPa) where no secondary nucleating patch within the SSZ is observed. (b) The second rupture scenario (with stress ratio = 0.4, σ C S Z = 5
MPa) where a small secondary patch within the SSZ nucleates when the primary rupture reaches the CSZ-SSZ interface. (c) The third rupture scenario (with stress ratio =
0.2, σ C S Z = 5 MPa) where a secondary patch nucleation is observed before the primary rupture reaches the CSZ-SSZ interface.

Fig. 6. The percentage penetration of CSE into the SSZ for different σ csz and stress ratios (σ ssz /σ csz). (a) Shows the percentage penetration of CSE into the SSZ when 
V ssz

c = 10−8 m/s. (b) same as (a), but when V ssz
c = 10−6 m/s.
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ratio used in this study. For a σ csz value of 10 MPa (shown as 
squares in Fig. 6(a), and 6(b)), we observe lesser rupture penetra-
tion for higher stress ratios (similar to smaller σ csz levels), but 
complete rupture penetration occurs at relatively higher stress ra-
tio as compared to smaller stress levels. The complete rupture 
penetration at high σ C S Z (indicated in Fig. 6(a) and Fig. 6(b) by 
squares at 100% penetration levels for stress ratios of 0.2, 0.3 and 
0.4) suggest that larger stress drops may drive a complete rup-
ture penetration at comparatively larger stress ratios as compared 
to smaller stress drops. Note that the Dc values are same for dif-
ferent cases presented in Fig. 6, and hence results from Fig. 6(a) 
and 6(b) suggest that the rupture penetration mainly depends on 
the stress ratio, and a complete CSE penetration (into the SSZ) can 
occur under favorable stress conditions. This further suggests that 
the rupture penetration within the SSZ is largely assisted by the 
secondary pulse nucleation that helps the rupture to move farther 
within the SSZ. The overall behavior of the rupture penetration as 
a function of stress ratio remains the same for the different V ssz

c
values used in this study (Fig. 6(a) and 6(b)) i.e. a larger rupture 
penetration occurs for smaller stress ratios, while comparatively 
lesser rupture penetration occurs at higher stress ratios. Addition-
ally, we observe that higher V ssz

c values result in larger rupture 
penetrations for similar σ csz and stress ratios. Finally, we also cal-
culate the average rupture speeds of different CSE ruptures shown 
in Fig. 6 and Fig. S6 by dividing the total distance covered by a 
CSE along the fault by the total time taken by that CSE rupture. 
Although these calculated rupture speeds are not exact (due to 
quasi-dynamic approximation used here), these do not appear to 
be a significant factor in controlling the percent penetration i.e. a 
slower coseismic rupture may result in complete SSZ penetration 
under favorable stress conditions.

3. Discussion

Our analysis presented above clearly documents that the slip 
distribution of the 2018 M7.1 Hawaii earthquake overlaps with 
the slip distributions of regularly occurring slow slip events. As 
mentioned in the introduction, overlapping regions of slow and 
coseismic slip have been either observed or inferred by previous 
authors (Ito et al., 2013; Tsang et al., 2015; Clark et al., 2019). 
However, these studies are either not based on modern geodetic 
data, do not thoroughly explore inversion parameters, or do not ex-
plore the overlap in detail. For example, Ito et al. (2013) solved for 
a fault on subduction zone interface with assuming homogeneous 
slip to fit ocean-bottom pressure gauge data. The inversion results 
we show here explore the role of fault geometry and regularization 
constraints on the resulting coseismic and slow slip distributions 
and summarize the reasonable models. Additionally, the checker-
board test demonstrates that our joint inversion for earthquake 
is robust, and has overall good resolution (Fig. S5). We note that 
the inversion for SSEs has low resolution in up-dip area far off-
shore. However, since most of the overlapping slip regions occur 
where both the earthquake and SSEs have good resolution (i.e. 
mid-Western fault plane), we contend that it is a robust feature, 
and the 2018 Hawai’i earthquake ruptured a significant fraction of 
the region that regularly hosts slow slip events.

One limitation of the inversion practices we employed is that 
they have limited spatial resolution and hence we cannot, through 
inversion alone, rule out the possibility that the SSEs and coseis-
mic slip occurred on nearly parallel fault planes closely separated 
in depth. However, we consider this unlikely. Rupture of a shal-
lower high angle splay (Fig. 1b) is a possibility, but owing to its 
large spatial extent (width usually >30 km), all studies of the 2018 
earthquake argue or assume that it ruptured the low-angle dé-
collement (Liu et al., 2018; Bai et al., 2018; Chen et al., 2019). 
While the locations of the SSEs were also originally unclear, the 
work of Segall et al. (2006) and Montgomery-Brown et al. (2009)
demonstrate that they too coincide with and are likely hosted by 
the décollement. In addition to the results we present here, a pre-
vious study that employed detailed trilateration measurements has 
shown that the 1975 Kalapana earthquake ruptured predominantly 
to the South-West of its hypocenter (Owen and Bürgmann, 2006). 
If the same region hosting SSEs today is persistent and existed in 
1975, then this rupture likely completely ruptured the SSE area, 
providing another piece of evidence for overlapping regions of slow 
and fast slip.

While the specific mechanism that gives rise to slow, tran-
sient fault slip is still not known, that mechanism must allow for 
slip events that accelerate to slip rates 1-2 orders of magnitude 
higher than the background loading rates but not favor further 
increases in slip rate. Despite this, our observations indicate that 
it is possible to have coseismic rupture in regions that regularly 
host slow slip. Our model setup is motivated by geologic inter-
pretations of the Hawaiian décollement and observed along-strike 
variation between coseismic and slow slip zones implying that fric-
tional properties and other material properties should be relatively 
homogenous. Our simulation results suggest that lower effective 
stress ratios, i.e. larger contrasts between effective stress between 
the SSZ and the CSZ, promote penetration of the CSE into the 
SSZ resulting in larger overlap. Additionally, the effective stresses 
within the SSZ and the elastic stress changes from the primary 
slip patch (within the CSZ) control the overlap characteristics of 
the CSZ-SSZ such that even coseismic ruptures with slower overall 
rupture velocities, as observed in the 2018 Hawaii earthquake, can 
easily rupture the adjacent SSZ. While more realistic transitions in 
effective stress between the CSZ and SSZ would undoubtedly influ-
ence our estimates of penetration, the general result that coseismic 
rupture is capable of rupturing well into regions hosting slow slip 
is also supported by the modeling results of Ramos and Huang 
(2019).

4. Conclusions

We provide strong evidence of overlapping fast and slow slip 
on the Hawaiian décollement. Joint inversion of GPS, strong motion 
and tide gauge tsunami observations clearly reveals the slip pattern 
of the 2018 Mw7.1 Hawai’i earthquake. After thoroughly exploring 
inversion parameters we find that the earthquake likely ruptured 
an adjacent region regularly hosts transient slow slip events. Fur-
thermore, we performed quasi-dynamic modeling in 2D with rate 
and state friction to simulate how coseismic ruptures interact with 
adjacent regions that host slow slip. The unique tectonic setting of 
the Hawaiian décollement suggests differences in effective stress 
are likely a key control on slip diversity. Our modeling results sug-
gest that fast slip can easily penetrate into the slow slip zone, 
as we observe. Our result reinforces the idea that an individual 
section of fault is capable of hosting a variety of distinct slip be-
haviors, and provides observational and theoretical evidence that 
a fault undergoes slow slip behavior can also rupture seismically. 
This behavior may also be a common feature in other tectonic 
environments such as subduction zones. As such, earthquake mag-
nitude forecasts should include adjacent slow slip regions in esti-
mates of areal extent and magnitude.
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