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SUMMARY

The Mendocino Triple Junction (MTJ), where the Gorda, North American and Pacific plates meet, is one of the most
seismically active regions in California. The tectonic movements along the Mendocino transform fault zone (MTFZ),
Gorda slab (GS) and northern San Andreas Fault systems (NSAF) lead to high background seismicity rates but relatively
low aftershock productivity. To improve the understanding of earthquake processes in the area, we analyse relations
between background seismicity, aftershock productivity and stress parameters. We apply the nearest-neighbour approach
to investigate the spatial distributions and properties of background and clustered seismicity, and invert focal mechanisms
of events in Voronoi cells for features of the deviatoric stress field. The results indicate that the intensity of background
seismicity and aftershock productivity decrease with distance from the MTJ, defined here for simplicity as the hypocentre
of the 1992 M, 7.2 main shock. We also find that the stress regime is the most compressive in the area directly surrounding
the MTJ. In the MTFZ and GS, the compressive stress decreases with increasing distance from the MT]J, correlating with
the reduced aftershock productivity and background seismicity. In the NSAF, the observed relations between the stress,
aftershock productivity and background seismicity are not clear, possibly due to crustal extension related to the slab
window and elevated heat flow. Compared to the MTFZ and GS, the NSAF has a higher foreshock proportion, lower
aftershock proportion and small-to-medium main shock magnitudes, indicating more swarm-like clusters in this region.
The inverted stress regimes in the MTFZ and NSAF are dominated by strike-slip faulting. The GS exhibits mostly strike-
slip and normal mechanisms despite the subduction environment, which may reflect slab bending and reactivation of
pre-existing normal faults.

Key words: Seismicity and tectonics; Statistical seismology; Dynamics: seismotectonics.

1 INTRODUCTION

Distinguishing background seismicity from clustered seismicity and identification of earthquake clusters can provide important in-
sights into earthquake triggering processes and sequence evolution (I. Zaliapin & Y. Ben-Zion 2013a, b). The proportion of background
versus clustered events has been observed to depend on several factors, including aspects of the stress field and its heterogeneities (N.
Abolfathian et al. 2018; P. Martinez-Garzon et al. 2018; T.H. Goebel et al. 2019) and the presence of fluids and heat flow (I. Zaliapin &
Y. Ben-Zion 2016a, b; D.T. Trugman & Y. Ben-Zion 2023). Despite previous analyses in selected regions and environments, a quantita-
tive characterization of earthquake clustering and the stress field in a complex triple junction region can provide useful insights. How
are features of the stress field correlated with clustering of the seismicity, including the productivity of aftershock sequences and the
occurrence of foreshocks?

Cape Mendocino is one of the most seismically active regions in California and hosts the intersection of the Cascadia subduction
zone, the Mendocino Transform Fault and the northern part of the San Andreas Fault. These different tectonic structures meet in
the Mendocino Triple Junction (MTJ) and produce a spatially heterogeneous stress field and complex seismicity patterns, making the
region a natural laboratory to understand clustering processes. In the past 40 yr, three M,, > 7 earthquakes and more than 10 M,, > 6
earthquakes have occurred in this region, which includes oceanic and continental transform faults as well as a subduction slab. The
combined deformation of these tectonic structures makes the earthquake rate in the Cape Mendocino region one of the highest in
California and results in complex seismic and aseismic processes (K. Materna et al. 2018; D.R. Shelly et al. 2024). Interestingly, despite
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the high seismicity rate, the aftershock productivity of earthquake clusters in Cape Mendocino is the lowest in the Western US (J.L.
Hardebeck et al. 2019; D.T. Trugman & Y. Ben-Zion 2023).

The MTJ hosts a transition from transform to subduction motion, resulting in pronounced variations in deformation behaviours
and tectonic settings. The Gorda Ridge spreads and the Gorda plate subducts in Cape Mendocino beneath the North American Plate
(NAP) at a rate of 2-3 cmyr~! in the direction of N50°-55°E, forming the Cascadia subduction zone and its associated megathrust
systems (R. Riddihough 1984). The Gorda Plate moves relative to the Pacific Plate at a rate of 5cmyr~" in the direction of N115°E,
leading to the right-lateral Mendocino Transform Fault at the boundary (R. Riddihough 1984). A slab window is formed at the southern
edge of the Gorda plate due to the tectonic transition from subduction to translation motion (W.R. Dickinson & W.S. Snyder 1979; K.P.
Furlong et al. 1989).

Consistent with the complex tectonic settings, the main shocks in the Cape Mendocino exhibit diverse faulting types, reflecting a
heterogeneous stress field. The 1992 M,, 7.2 main shock was a reverse faulting event occurring at the overriding NAP, and it dynamically
triggered two large right-lateral strike-slip aftershocks at the Gorda Slab with M, of 6.5 and 6.6 (D. Oppenheimer et al. 1993; M.T.
Hagerty & S.Y. Schwartz 1996; H. Guo et al. 2021). In 2021 and 2022, two M,, > 6 strike-slip events occurred in the Mendocino Transform
Fault and Gorda Slab, respectively (W.L. Yeck et al. 2023). More recently, the 2024 M,, 7.0 main shock associated with strike-slip faulting
occurred in the Mendocino Transform Fault (C.E. Yoon & D.R. Shelly 2024; F.F. Pollitz et al. 2025; M. Hellweg et al. 2025; J. Atterholt
et al. 2025).

Previous studies have shown that aftershock productivity varies systematically with faulting types, fault complexity, heat flow and
tectonic settings (K. Dascher-Cousineau et al. 2020; D.T. Trugman & Y. Ben-Zion 2023). The diverse stress regimes and tectonic settings
in the Cape Mendocino area, together with anomalously low aftershock productivity, raises fundamental questions about the physical
controls on earthquake clustering across complex plate boundaries. In this paper, we analyse properties of seismicity clusters and the
stress field in the Cape Mendocino area, and explore how background seismicity, aftershock productivity and stress parameters vary
internally in this tectonically complex region.

To examine the influence of different tectonic structures on clustering and stress features, we separate our study area into three
tectonic groupings based on the dominant tectonic structures (Fig. 1): the Gorda Slab (GS), the Mendocino Transform Fault Zone
(MTFZ) and the northern San Andreas Fault system (NSAF). The GS includes events in the subduction slab with depths of >20 km (K.P.
Furlong et al. 2024). The MTFZ region contains earthquakes above the GS with depths of <20 km, including events in the Mendocino
Transform Fault proper, the uppermost Gorda Plate and the continental crust part of the MTJ. The NSAF contains events south of the
slab edge with latitudes in the range of 38.5°-40°, including the seismicity along the San Andreas Fault, Maacama Fault and Bartlett
Springs Fault systems. Each group may include multiple faults and accommodate mixed styles of deformation, and the group names
are used to indicate major tectonic structure rather than implying that all earthquakes occur on a single named fault.

We apply the nearest-neighbour approach (I. Zaliapin & Y. Ben-Zion 2013a, 2016a) to investigate characteristics of background and
clustered seismicity in the study area, and invert earthquake focal mechanisms for stress field parameters with the MSATSI algorithm in
these three subregions (P. Martinez-Garzdn et al. 2014, 2016). These analyses provide important insights into how the various processes
in the MTJ area affect the spatial variations of earthquakes and stress parameters, and in particular, the decay of aftershock productivity,
background seismicity and the stress level with distance from the triple junction. The observed spatial correlations provide a framework
for understanding key seismicity parameters and crustal stress heterogeneity in other triple-junctions and complex tectonic settings
globally.

2 DATA AND METHODS

In the following subsections, we first describe the data selection for analysis of earthquake clusters using the nearest-neighbour ap-
proach. Then we introduce the focal mechanism catalogue, group discretization of focal mechanisms and the stress inversion method.

2.1 Identification of earthquake clusters

2.1.1 Earthquake catalogue

We use the waveform-relocated earthquake catalogue published by the Northern California Earthquake Data Center (see Data and
Resources) from 1984 January 1 to 2025 January 31 for earthquake clustering analysis. The study area ranges from —126.5° to —122.9°
in longitude and 38.5° to 42° in latitude. This catalogue has the lowest location errors and the most complete long-term data around
the Mendocino Triple Junction area. The catalogue uses arrival time detections from the Northern California Seismic Network and
improves the event location with waveform cross-correlation and double-difference (DD) methods (F. Waldhauser & W.L. Ellsworth
2000; F. Waldhauser 2001). The average absolute location errors are 0.17 km horizontally and 0.26 km vertically, while the average DD
relative location errors are 0.45 km horizontally and 0.29 km vertically (F. Waldhauser & D.P. Schaff 2008). Since this catalogue includes
various types of magnitudes, we homogenize them for the subsequent analysis into potency magnitude (M) based on the empirical
magnitude conversion relations of D.T. Trugman & Y. Ben-Zion (2024). The potency magnitude is similar to moment magnitude but
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Figure 1. (a) Tectonic setting in Cape Mendocino together with instrumental seismicity with M}, > 2.5 between 1984 January 1 and 2025 January
31. The dots represent the seismic events categorized by tectonic regions: the Mendocino Transform Fault Zone (MTFZ), the Gorda Slab (GS) and the
Northern San Andreas Fault system (NSAF). The location of the Mendocino Triple Junction (MTJ) is defined as the hypocentre of the 1992 My, 7.2 main
shock. The abbreviation of GR denotes the Gorda Ridge. Arrows indicate the sense of plate motion. The thick and thin lines are faults and coastlines.
The highlighted circular area includes the events used for aftershock productivity analysis in Fig. 5, Figs S1 and S9. (b) Depth distribution of events
along the A-A’ profile. The stars in (a) and (b) mark M, > 6 earthquakes. Events located within ~15 km from the profile line are projected onto the
profile. (c) Depth distribution of events along the B-B’ profile.

does not include an assumed rigidity at the earthquake source, which does not affect the seismic radiation to the bulk and is also not
well defined (e.g. Y. Ben-Zion 2001).

The magnitude of completeness in the study area has space-time variations but is generally around 2. I. Zaliapin & Y. Ben-Zion
(2015) showed that location errors larger than the estimated rupture length produce artefacts in analysis using the nearest-neighbour
approach. To minimize such artefacts, we use in the analysis only events with rupture lengths larger than the mean absolute horizontal
location errors, which corresponds to potency magnitudes of M, > 2.5. The rupture length of each earthquake is estimated from its
potency value assuming a circular crack (appropriate for small events for which location errors may have significant effects) and a
strain drop of 107%, equivalent to a stress drop of 3 MPa assuming a nominal rigidity of 30 GPa (Y. Ben-Zion 2008).

2.1.2 Nearest-neighbour analysis

The nearest-neighbour analysis provides a data-driven approach for identifying earthquake clusters, separating seismicity into back-
ground and clustered modes, and declustering seismic catalogues (e.g. M. Baiesi & M. Paczuski 2004; I. Zaliapin & Y. Ben-Zion 2013a,
2020; P. Martinez-Garzon et al. 2019; S. Gentili et al. 2019; K. Karimi & J. Davidsen 2023; Y.F. Hsu et al. 2024). This method identifies
for each earthquake an earlier nearest-neighbour event with the closest proximity in the combined space and time domains. To find
the nearest neighbour of event j, we calculate the earthquake proximity 7;; between event j and each event i occurring earlier using

0™ b if g > 0
00 if fuso

mj = €y
where t;; = t; — t; is the temporal distance (in yr) between event pair (i, j), r;; is the 2-D or 3-D spatial distance (in km) between event
pair (i, j), d is the fractal dimension of epicentres or hypocentres, b is the b-value of the Gutenberg-Richter statistics in the research
area and m; is the magnitude of event i. In this study, we calculate earthquake proximity »;; with 3-D distances between hypocentres of
event pairs with parameters d = 2.6 and b = 1 (C. Sammis et al. 1987; I. Zaliapin & Y. Ben-Zion 2013a). In the event pair (i, j), event j
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Figure 2. The joint distribution of rescaled time (T) and space (R) components of the nearest-neighbour proximity (eq. 2) of M, > 2.5 events from 1984
January 1 to 2025 January 31 in the F. Waldhauser & D.P. Schaff (2008) catalogue in (a) the whole study area, (b) MTFZ, (c) GS and (d) NSAF. The line
in (a) is logT + logR = —4.03. The scalebar is the kernel density of the event distribution.

is referred to as an offspring of a parent defined as the nearest-neighbour event i, which is the earthquake with minimum earthquake
proximity given by eq. (1). The nearest-neighbour proximity »;; can be represented as a product of its rescaled spatial distance R;; and
rescaled time distance Tj;:

nij = TijRyj (2
T,‘j = tijlo_pbmi; R,‘j = rfjlo_(l_mbmi (3)

Here we use p = 0.5 following I. Zaliapin & Y. Ben-Zion (2013a, 2013b, 2016a).

The joint distribution (T, R) typically exhibits a bimodal distribution, consisting of background and clustered modes (Fig. 2). The
diagonal line in Fig. 2 characterizes a time-stationary Poisson process characterized by logT + logR = const. The mode along and above
the diagonal line corresponds to background seismicity with nearest neighbours following a Poissonian process. In contrast, the mode
below the diagonal line represents clustered seismicity with smaller proximities compared to a random distribution. To differentiate
between background seismicity and earthquake clusters, we construct a time-oriented spanning tree by connecting each offspring to
its parent and removing links between parents and offspring with a threshold »;; > n, typical for a random distribution (I. Zaliapin
& Y. Ben-Zion 2013a). The threshold 7, is estimated by the Gaussian mixture model based on the log n-distribution of event pairs (I.
Zaliapin & Y. Ben-Zion 2016a). This separation divides the spanning tree into a collection of individual trees, each representing an
earthquake cluster. In each cluster, we define the event with the largest magnitude as the main shock, and events occurring before
and after the main shock as foreshocks and aftershocks, respectively. In the MTJ study area (Fig. 1), 46 per cent and 54 per cent of
the events are identified as background and clustered seismicity, respectively (Fig. 2). The relatively low fraction of clustered events is
consistent with the low aftershock productivity found earlier (D.T. Trugman & Y. Ben-Zion 2023).
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2.1.3 Aftershock productivity

To have a robust assessment of the aftershock productivity of earthquake clusters with different main shock magnitudes, we calculate
A-aftershocks to equalize the magnitude range of aftershocks in each cluster. We choose main shocks with M > A + 2.5 and after-
shocks with A below their corresponding main shock magnitude (i.e. A-aftershocks) for analysis. To evaluate the robustness of the
results, we further examine the sensitivity of aftershock productivity to variations in A = 2, 3 and 3.5 for the GS and MTFZ (Fig. S1).
For the NSAF region with relatively small main shock magnitudes, we use for the analysis A = 1.5.

2.2 Stress analysis

The stress field plays a key role in earthquake dynamics and can impact the cluster patterns in space and time. Following A.J. Michael
(1987) and later works, a diverse population of earthquake focal mechanisms can be inverted for the remote tectonic stress field that
is most likely to produce that event population. Since a large fraction of the seismicity is part of earthquake clusters triggered locally
by previous events (I. Zaliapin & Y. Ben-Zion 2022), rather than by the remote tectonic loading, inversions for the remote background
stress field should use background (declustered) earthquakes (P. Martinez-Garzon et al. 2016). Most stress inversion studies use entire
catalogues rather than declustered events, although in such cases the interpretation of the derived stress field is less clear. In this study,
we invert focal mechanisms of background seismicity to examine aspects of the tectonic stress field in different parts of the Mendocino
area. For comparison, we also invert mechanisms in the entire catalogue.

We utilize the focal mechanism catalogue provided by the Northern California Earthquake Data Center (C.P. NCEDC 2014) to
invert for the deviatoric stress states of background and the entire seismicity. This focal mechanism algorithm determines double cou-
ple fault plane solutions by minimizing first-motion polarity discrepancies for each event (P. Reasenberg & D. Oppenheimer 1986).
The background seismicity is obtained from the catalogue using the declustering algorithm of I. Zaliapin & Y. Ben-Zion (2020). Fol-
lowing the earthquake clustering analysis, we use 2635 background and 5205 all focal mechanisms in Cape Mendocino, maintain-
ing the same minimum M,, space and time domain as the seismic catalogue for stress inversion analysis. The median values of
the maximum half-width of 90 per cent confidence range for strike, dip and rake in Cape Mendocino are 15°, 23° and 30°, respec-
tively.

2.2.1 Discretization of focal mechanism groups

Appropriate discretization of focal mechanism groups is important for robust stress inversion results. During the stress inversion,
improper seismicity discretization can lead to potential artefacts in the inverted stress orientations and biased physical interpretations
of the local stress field (e.g. J.L. Hardebeck & E. Hauksson 1999; J. Townend & M.D. Zoback 2001; J.L. Hardebeck & A.J. Michael 2004).
To improve the robustness of stress orientations, we apply the k-means optimization grouping algorithm to discretize focal mechanism
groups according to their spatial distribution (J.A. Hartigan & M.A. Wong 1979; P. Martinez-Garzon et al. 2016). The number of groups
is determined by iteration of the k-means grouping algorithm. In each iteration, every focal mechanism is assigned to the group with
the nearest centroid, minimizing a squared error function (J)

k n

=y

j=1 j=1

. 2
= ¢l )

where x is the location of the earthquake i and c is the location of the j-nearest group centroid. We use Cartesian squared Euclidean
distances between event hypocentres and group centroids to optimize clustering. The spatial extent of the grid cells for the focal mech-
anism groups is defined by a centroidal Voronoi tessellation (G. Voronoi 1908). In this study, we separate the focal mechanisms of
background and all seismicity into 40 and 71 groups, respectively. Every group contains a minimum of 40 focal mechanisms.

2.2.2 Stress inversion

The stress inversion has three main assumptions: (i) the stress field is homogeneous within a given space-time domain, (ii) earthquakes
are distributed on pre-existing faults with different orientations and (iii) the fault slip follows the direction of maximum shear traction
(R.E. Wallace 1951; M.H. Bott 1959). We use the refined MSATSI linear damped stress inversion technique to investigate the character-
istics of stress fields in Cape Mendocino since this technique can mitigate the artefacts resulting from focal mechanism discretization
(J.L. Hardebeck & A.J. Michael 2006; P. Martinez-Garzoén et al. 2014; 2016). This algorithm iteratively performs stress inversion to
determine the nodal planes optimally oriented for failure according to an instability coefficient I (V. Vavrycuk 2011, 2014; P. Martinez-
Garzoén et al. 2016). The coefficient I quantifies how close a given fault orientation is to failure under given shear stress (7), normal
stresses (o,,) and friction coefficient (u)

T — (o —01)

I= ——— "
Topt - M (Uopl - Ul)

©)
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where 7, and ooy, are the shear and normal stress components of optimally oriented faults, respectively (V. Vavry¢uk 2011; V. Vavrycuk
et al. 2013). The value p varies from 0.2 to 0.8 and is determined through iterative computations during the stress inversion process.
The instability coefficient (I) varies from 0 to 1. The values I = 0 and I = 1 indicate the faults least and most favourably oriented to
fail under a given deviatoric stress field, respectively. In each iteration, the nodal plane with the largest I in each focal mechanism is
selected for the next iteration. Uncertainties of fault plane orientations are estimated by 20 bootstrap resamplings of focal mechanisms
(A.J. Michael 1987; J.L. Hardebeck & A.J. Michael 2006). The following sections describe details of the inverted stress field, including
maximum horizontal stress orientations (Sumax), stress ratio (R-value) and A, parameters.

Maximum horizontal stress orientations (Sumax): We compute orientations of three principal stress axes based on the algo-
rithm of B. Lund & J. Townend (2007) and classify the estimated trends and plunges of the principal stresses into normal, reverse,
strike-slip and oblique faulting according to the classification proposed by M.L. Zoback (1992), which is based on the relative orienta-
tion of the P, T and B axes.

Stress ratio: The stress ratio parameter (R-value) describes the relative magnitudes of the three principal stresses on fault planes,
which is defined as

R = (01 — 02)/(01 — 03), (6)

where o1, 0,, 03 represent the most, intermediate and least compressive principal stresses. The value of R ranges from 0 to 1. If o is
close to o, in size, R ~ 0. If 0, is similar to o3 in size, R ~ 1. In a strike-slip environment, R &~ 0 and R ~ 1 indicate transtensional and
transpressional regimes, respectively. In a reverse faulting region, R ~ 0 and R =~ 1 indicate radial reverse faulting and a mixture of
reverse and strike-slip faulting, respectively.

Ay parameter: We further use the A, parameter to describe the relative stress magnitude of each focal mechanism group com-
bining the relative size of the three principal stresses and fault regimes:

Ay =(n+05)+(-1)"(0.5—R), @)

where R is the stress ratio of each focal mechanism group, and » is the index number for fault regimes with n = 0, 1, 2 representing
normal faulting, strike-slip faulting and reverse faulting, respectively (R.-W. Simpson 1997; J.E. Lundstern 2024). The A, parameter
ranges from 0 to 3. Larger A, values suggest higher compressive stresses. The values A, = 0 and A, = 3 indicate radial normal and
radial reverse faulting with isotropic horizontal principal stresses, respectively (J.E. Lundstern 2024).

3 RESULTS

3.1 Clustering analysis

Both background and clustered seismicity modes in the Cape Mendocino area exhibit their highest event intensities near the MTJ
(Fig. 3). To the northeast of the GS, the background event intensity is generally higher than that of the clustered seismicity. The back-
ground event intensity in the SAF is much smaller than in the subparallel fault systems (e.g. the Maacama and Bartlett Springs faults),
indicating that the SAF seismicity rate in the examined time period is very low. In addition, the GS exhibits the highest proportion of
background seismicity (60 per cent) compared to the MTFZ (37 per cent), and NSAF (47 per cent) (Fig. 2). Fig. 4 shows the percentage
of main shocks, foreshocks and aftershocks in the three subregions. The results indicate that the MTFZ has the highest percentage of
aftershocks (78 per cent) but the lowest percentage of main shocks (12 per cent) and foreshocks (10 per cent) among our three analysed
regions. The clusters in the overriding NAP contribute to the high aftershock proportion in MTF. An alternative event grouping assigns
seismicity within the NAP above the subducting Gorda slab to the NAP rather than to the MTFZ (Fig. S2). In this classification, the NAP
has the strongest clustered mode in the nearest-neighbour diagrams compared to the GS and MTFZ (Fig. S3). However, the foreshock
fraction in the MTFZ is still the lowest, even though a set of events moved from the MTFZ to the NAP (Fig. S4). This is different from
previous observations from the East Pacific Rise, where oceanic faults connecting mid-ocean ridges were observed to display almost
one order of magnitude larger number of foreshocks than continental transform faults (J.J. McGuire et al. 2005).

The NSAF has the lowest percentage of aftershocks (55 per cent) but the highest percentage of main shocks (22 per cent) and
foreshocks (23 per cent). The horizontal distribution of the clustered mode in the NSAF (Fig. 2d) is consistent with expectations for
clusters of small-to-medium main shocks (Y.F. Hsu et al. 2024). Interestingly, the clustered mode in the NSAF is stronger than in other
regions despite the smaller main shock magnitudes (Fig. 2). The high percentage of foreshocks and small main shock magnitudes in the
NSAF suggest a partially aseismic driving process or more swarm-type activity than in the other two regions (X. Chen & P.M. Shearer
2013; I. Zaliapin & Y. Ben-Zion 2013b; Y.F. Hsu et al. 2024). We also observe a possible mode of repeating earthquakes in the NSAF
(Fig. 2d), but it is less clear than what is found for the creeping section of the San Andreas fault (Y.F. Hsu et al. 2024) and the Marmara
region of the North Anatolian Fault (P. Martinez-Garzén et al. 2019). The repeater mode in the NSAF is consistent with the observation
of abundant repeating earthquakes and creeping behaviours along the Maacama Fault and the Bartlett Springs Fault (N. Shakibay
Senobari & G.J. Funning 2019). In contrast, we do not identify a clear mode for repeaters in the MTFZ and GS (Fig. 2), even though
previous studies have documented repeating earthquakes in this region (F. Waldhauser & D.P. Schaff 2008; K. Materna et al. 2018; F.
Waldhauser & D.P. Schaff 2021). For the clear repeater mode with vertical distribution in the SAF, the repeating earthquakes exhibit

920z AeN 0 uo 1senb Aq z60%058/6806e66/¢/5Z/e10me/IB/wod dno-olwepeoe//:sdyy wols pspeojumoq


https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag089#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag089#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag089#supplementary-data

Earthquake Clustering and Stress Inversion 7

(a) Background seismicity (b) Clustered seismicity
41° | \} S 41°
Al
40° 1992 M, 7.2 40
39° 39°
-125° -124° -125° —124° —12I3°
Event intensity Event intensity
q B
1 10 100
A — , A
I e ¢ (10 E
3 =3
- i 20 <
§ a
o 30 &
T T T 40 T T T 40
0 50 100 150 0 50 100 150
Distance (km) Distance (km)

Figure 3. Distributions of background (a) and clustered (b) seismicity intensity (number of events per grid cell) in Cape Mendocino using a grid size of
10x 10 km. The thick and thin lines mark faults and the coastline. The panels beneath the maps are the depth distribution of background and clustered
seismicity along profile A-A’ using a 10x5 km grid size. The stars in (a and b) show locations of My, > 6 events between 1984 January 1 and 2025
January 31 and the dots show lower magnitude seismicity.
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Figure 4. The proportion of aftershocks, main shocks, and foreshocks in the MTFZ, GS and NSAF.
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Figure 5. Relation between aftershock productivity of earthquake clusters in the MTFZ and GS and their main shock hypocentral distances (km) to
the MTJ with A = 3.5. The stars denote My, > 6 main shocks. The MTJ location is defined as the hypocentre of the 1992 M, 7.2 main shock.
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Figure 6. Median intensity of background seismicity in grid cells within the GS and MTFZ as a function of binned distance from the MTJ. The vertical
lines denote error bars estimated by one standard deviation of event intensity of grids in the same bin.

relatively regular recurrence intervals that scale with the logarithm of seismic moment of parent events (Y.F. Hsu et al. 2024). The
absence of the repeater mode in the MTJ suggests that repeating earthquakes there might exhibit more variable recurrence behaviour,
or that repeating earthquakes are not enough to form a clear mode.

The logarithm of A-aftershock number of each cluster in the GS and MTFZ has a negative correlation with the hypocentral distance
of their main shocks from the MTJ (Fig. 5). This can be seen for these regions using different A-values (Fig. S1), but is unclear for the
NSAF. The decreasing aftershock productivity in the GS and MTFZ with distance from the MTJ is consistent with the notion that
the stress level increases towards the triple junction (examined in the next section) and the expected correlation between aftershock
productivity and the stress level (I. Zaliapin & Y. Ben-Zion 2016b). The background earthquake intensity in the GS and MTFZ also
decreases with increasing distance from the MTJ (Fig. 6), while there are no clear trends between foreshocks and the distance from
the MTJ (Fig. S5). The lower background event intensity within 0-10 km of the MTJ, compared to the 10-20 km distance, may reflect
stress reduction during the 1992 My, 7.2 main shock (Fig. 6), which may have suppressed subsequent background seismicity in the
immediate vicinity of the fault. The intensity of foreshocks may be controlled by the temperature and fluid content in addition to the
stress level (Y. Ben-Zion & V. Lyakhovsky 2006; I. Zaliapin & Y. Ben-Zion 2013b, 2016b; D.T. Trugman & Y. Ben-Zion 2023).

3.2 Fault types

Figs 7(a) and (b) show the percentage of different faulting types of background and clustered seismicity derived from focal mechanism
classification in the three subregions. Both types of seismicity in all subregions are dominated by strike-slip faulting. The background
seismicity in the GS involves primarily the activation of strike-slip faults (48 per cent) and normal faults (35 per cent), even though
the GS is part of a subduction zone (Fig. 7a). The predominant strike-slip and normal faulting reflect the flat subduction angle and
reactivated normal faults from the spreading Gorda Ridge due to oblique subduction in the GS (S.P. Gulick et al. 2001). Although the
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Figure 7. Proportion of focal mechanism type (normal, reverse and strike-slip faulting) of (a) background and (b) clustered seismicity in the GS, MTFZ
and NSAF. (c-e) Strike distribution of background seismicity focal mechanisms in the GS, MTFZ and NSAF, respectively.

GS lies within a convergent setting, we observe higher background seismicity (60 per cent) together with a higher proportion of normal
faulting compared to the NSAF and MTFZ (Fig. 7a).

The clustered seismicity in the GS exhibits a lower normal faulting (27 per cent) but a higher strike-slip fault percentage (53 per
cent) compared to the background seismicity (Fig. 7b). The increasing percentage of strike-slip faults of clustered seismicity suggests
that the stress perturbation of main shocks favours triggering aftershocks on strike-slip faults within the oceanic slab. The background
seismicity in the MTFZ is dominated by strike-slip faults (55 per cent), which is comparable to that of clustered seismicity in the
MTFZ (55 per cent). The background seismicity in the NSAF is also dominated by strike-slip faults (63 per cent) and is similar to that
of clustered seismicity (66 per cent). The high strike-slip proportion in the MTFZ and NSAF (Fig. 7) for both background/clustered
seismicity suggests that the stress patterns produced by the tectonic loadings and main shock stress transfers are similar in these regions.
Under the alternative classification that defines the NAP as a separate group, the background seismicity within the NAP is dominated
by strike-slip faulting (48 per cent) and reverse faulting (35 per cent) (Fig. S6). The stronger clustered mode and the higher fraction of
reverse faulting in the NAP compared to the other regions suggest the relatively high compressive stress regime (Figs S2 and S6).

3.3 Stress regimes

The Sumax orientation of background seismicity in the triple junction may be used to infer the directions of faults with optimal ori-
entation for failure (Fig. 8a). The stress regime near the MTJ at a depth of ~10 km (around the hypocentre of the 1992 M,, 7.2 main
shock) is characterized by reverse faulting with a northwest-southeast Sgyax Orientation. In the GS, background seismicity shows pre-
dominantly north-south Sumax Orientations, and the stress regime of focal mechanism groups derived from the k-means method is a
combination of strike-slip and normal faulting (Fig. 8a). The strike-slip faulting may be related to the pre-existing spreading ridge and
its reactivated strike-slip faults (S.P. Gulick et al. 2001). The normal faulting of background seismicity is mostly located at the northeast,
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Figure 8. Spwmax orientations of each Voronoi cell in Cape Mendocino based on the inversion of (a and b) background and (c and d) all seismicity. In (a)
and (c), the thick and thin lines are faults and coastlines. The stars are My, > 6 events between 1984 January 1, and 2025 January 31. The panels beneath
the maps are the depth distribution of fault types in each Voronoi cell along profile A-A’. The classification of strike-slip, oblique, normal and thrust
stress regimes are provided in the legend. (b and d) Stereonets based on the inversion of background and all seismicity in the GS, MTFZ and NSAF.
The orientations of three principal stresses o1, 02, and o3 are provided in the plot, represented by the 95 per cent confidence interval from bootstrap
resampling. The best orientation of each principal stress axis is given with a cross.
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at greater downdip depths of the slab and the extended environment may result from the internal bending of the slab (Fig. 8a). In the
north of the MTJ and GS, the Sumax Orientations of background seismicity are nearly parallel to the strike of the subduction margin
(Fig. 8), reflecting oblique subduction of the GS beneath the NAP (T.J. Fitch 1972; K. Wang 2000). In the NSAF, the Sy, orientations
are about N20°E and form a consistent angle of 30°-40° with the Maacama and Bartlett Springs faults, suggesting that the NSAF is
optimally oriented for failure assuming a friction coefficient of 1 ~ 0.6 (Fig. 8a).

Our derived Symax Orientations based on the background seismicity are consistent with the orientation of the most compressive
horizontal principal strain inverted from GPS velocity around the MTJ (Fig. S7; K.P. Furlong & R. Govers 1999; C.P. Nuyen & D.A.
Schmidt 2022). In contrast, the most compressive horizontal principal strain rate with latitudes > 40.5° is northwest oriented, forming
an angle of > 45° with the Siw. orientation of background seismicity in the northeast GS (Fig. S7; C.P. Nuyen & D.A. Schmidt 2022).
Although there is no physical requirement for GPS-derived strain rates to align with stress orientations inferred from focal mechanisms
(K. Wang 2000), such alignment better fulfills stress inversion assumptions. The observed stress-strain misalignment in the GS does
not contradict physical expectations, but suggests mechanical decoupling between land surface and subduction slab. Notably, the area
with coordinates [—123.5, 40.5]° displays the smallest magnitude of compressive horizontal strain oriented E-W, and the stress field
from focal mechanisms suggests a normal faulting style with the maximum horizontal stress oriented N-S (Fig. S7).

The Suwmax patterns of all seismicity are similar overall to those of background seismicity in the three subregions (Fig. 8), but show
more variability that reflects the mixture of background seismicity and aftershocks (or more generally clustered events). At the MTJ,
the Sumax of all seismicity also lies ~30° from the structures around the longitude of 124.5°. North of the triple junction, the Syyax
implies nearly north-south compression, with stress regimes of focal mechanism groups dominated by strike-slip and oblique faulting
(Fig. 8c). In the northeastern GS, Symax remains north-south-oriented with a regime of normal faulting. In the NSAF, the Syyay iS
oriented 30°-40° from fault strikes, and the stress regime is dominated by strike-slip faulting (Fig. 8c).

The stereonets of the three principal stresses indicate that the average stress regime in these three subregions is strike-slip faulting
(Figs 8b and d). Under the alternative classification which defines the NAP as a separate group, the NAP also exhibits a strike-slip
regime (Figs S8b and S8d). The three principal stress orientations and plunges in the GS are generally consistent with the results of D.
Li et al. (2018) (Fig. 8b). However, there is a notable discrepancy in the NAP. D. Li et al. (2018) report a reverse-faulting regime with o,
0, and o3 plunges of about 22°, 16° and 60°, whereas our results show a strike-slip regime with o, 0, and o ; plunges of 3°, 56° and
33° in the NAP (Figs S8b and S8d). Despite the difference in plunges, both studies identify similar horizontal stress orientations. This
discrepancy may result from differences in the time span of the catalogue. D. Li et al. (2018) used data from 1980 to 2016, whereas our
study includes events from January 1984 to 2025. The more recent strike-slip main shocks included in our data set may influence the
stress inversion results and contribute to the differences in principal stress plunges.

The A, value of background seismicity is the highest at a depth of ~10 km in the MTJ with a stress regime characterized by
thrust faulting (Fig. 9a), which indicates that this area has the most compressive stress level. The A, value of background seismicity
in the oceanic slab beneath the MTJ area indicates a strike-slip faulting stress regime (Fig. 9a), and the value gradually decreases
with increasing distance from the MTJ, transitioning toward a normal-faulting regime (Fig. 10a). The distance-dependent trend of A,
values is more scattered but still discernible when considering all events instead of just background-seismicity (Fig. 10b). In contrast
with the other study areas, the A, values of background and all seismicity in the NSAF show little dependence on distance from the
MT]J (Fig. S9a).

4 DISCUSSION

The triple junction region in Cape Mendocino is characterized overall by a high level of background seismicity, low levels of clustered
seismicity and aftershock productivity and diverse stress regimes. The analysis done in this work aims to clarify the relations between
the intensity of background seismicity, earthquake clustering properties and the deviatoric stress field derived from stress inversions
of the background and all earthquakes. For the GS and MTFZ regions, the aftershock productivity and intensity of background events
tend to decrease with distance from the MTIJ. In addition, the stress level is the most compressive (4, &~ 3) at the MTJ and becomes less
compressive with increasing distance from the junction. The concurrent spatial variation of the compressive stress level, aftershock
productivity and intensity of background seismicity with distance from the MTJ suggests causal relations between these quantities.
The positive correlation between the A, stress level and aftershock productivity implies that higher compressive stresses facilitate
more regions to be closer to failure, and hence stress perturbations, such as those caused by co-seismic stress transfers, can result in
more prominent aftershock sequences. Our results are consistent with inferences of previous studies that reported different types of
clustering features in relation to the heat flow and the type of lithospheric deformation (I. Zaliapin & Y. Ben-Zion 2016b).

The highly compressional stress level observed in the MTJ is expected to result from the collision between the Gorda and the NAPs
with a relative convergence rate of 32 mmyr~! (R. McCaffrey et al. 2007; K.P. Furlong et al. 2024) and the crustal thickening of the
overriding NAP (K.P. Furlong & R. Govers 1999; C.P. Nuyen & D.A. Schmidt 2022). The 1992 M,, 7.2 main shock occurred at the fault
system with reverse kinematics, which extends directly through the MTJ (Figs 9 and 10). The decaying compressive stress level with
increasing distance from the MTJ may explain the substantially higher aftershock productivity of the 1992 M,, 7.2 main shock than
that of the 2024 My, 7.0 main shock, even though their main shock magnitudes are similar (Fig. 5). The high stress levels near the MTJ
may thus enhance the potential for earthquake triggering through remote events and other stress perturbations. This interpretation is
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Figure 10. Relation between aftershock productivity of earthquake clusters (A= 2), A4 values of each Voronoi cell for (a) background seismicity and
(b) all seismicity, and the distances of events to the MTJ in the MTFZ and GS. The triangles are the aftershock productivity of earthquake clusters. The
dots are the distances of individual events in each Voronoi cell to the MTJ, while the circles are the average distances of each cell.
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also consistent with the rapid dynamic triggering cases across diverse structures observed during the 1992 My, 7.2 main shock and the
2021 Petrolia My, 6 main shock (M.T. Hagerty & S.Y. Schwartz 1996; W.L. Yeck et al. 2023).

In addition to the stress level, aftershock productivity can also be affected by the temperature, rock types and lithospheric ages
(Y. Ben-Zion & V. Lyakhovsky 2006; K. Dascher-Cousineau et al. 2020; D.T. Trugman & Y. Ben-Zion 2023). Continental crust tends to
exhibit higher aftershock productivity than oceanic crust; older, thicker and colder crust tends to have higher aftershock productivity
than warmer, younger crust (I. Zaliapin & Y. Ben-Zion 2016b; K. Dascher-Cousineau et al. 2020). The MTJ region includes the thick,
cold and brittle continental crust, which favours high aftershock productivity. In contrast, the younger age and warmer temperature of
the oceanic crust closer to the Gorda ridge to the west, together with increasing depths to the subduction slab to the east, may reduce the
aftershock productivity. The observed relations between aftershock productivity, intensity of background seismicity and distance from
the MTJ may hold in other ridge-trench-fault triple junction regions. Future studies could expand our results and inferences framework
to explore globally the correlations between distances from plate junctions, properties of aftershocks, background seismicity and stress
parameters.

The NSAF has a stronger clustered mode in the nearest-neighbour diagram compared to the GS and MTFZ (Fig. 2d), but does
not show correlation between seismicity and stress parameters (Fig. S9). This suggests that the background stress level may not be a
significant factor affecting aftershock productivity in this region. The southern end of the MTJ beneath the NSAF forms a slab window,
which separates the NSAF from the deforming slab and results in crustal extension (W.R. Dickinson & W.S. Snyder 1979; K.P. Furlong
& R. Govers 1999). This separation might explain why the NSAF does not exhibit a decaying stress level from the MTJ (Fig. S9), as this
region is less affected by slab-related compression. The consistent Symax Orientations and dominant strike-slip faulting suggest that
the NSAF experiences a strong and regionally coherent stress field driven by relative motion along the SAF and its subparallel fault
systems. In addition, the seismicity in the NSAF has the highest foreshock fraction but the lowest aftershock fraction compared to the
other two regions (Fig. 4). A possible explanation is that the upwelling asthenosphere through the slab window increases the surface
heat flow (C.A. Guzofski & K.P. Furlong 2002; K.P. Furlong et al. 2024), which may reduce lithospheric strength, enhance aseismic
processes and could in turn lead to increased foreshock activity in the NSAF (K.P. Furlong et al. 1989; X. Chen & P.M. Shearer 2013).
The relation between a higher proportion of foreshocks and higher heat flow is consistent with the observations in previous studies
(e.g. L. Zaliapin & Y. Ben-Zion 2013b; 2016b; D.T. Trugman & Z.E. Ross 2019; P. Martinez-Garzén et al. 2019).

The tectonic and seismic characteristics in the GS reveal a complex interplay between stress and strain. The discrepancy between
the Suwmax Orientation in the GS and the most compressive horizontal strain in the overriding NAP (Fig. S7) may indicate a decoupling
between these two plates and a low-friction subduction interface (K. Wang 2000; D. Li et al. 2018). This may result from enhanced fluid
pressure during the hydration process, which may be driven by internal slab deformation associated with bending and subduction-
related extension (D.R. Shelly et al. 2024). These deformation processes contribute to a considerable normal faulting fraction compared
to other focal mechanism types in the GS, even though it is located within the subduction zone (Fig. 7).

The faulting styles between background and clustered seismicity in the MTFZ and NSAF are generally consistent. This consistency
indicates that the stress perturbations resulting from aftershock sequences may not significantly alter the regional stress field. Notably,
the GS exhibits a transition in faulting types within clustered events. In a normal faulting regime, if the magnitude of the vertical stress
(Sy) decreases below Symax OF if Sumax €xceeds Sy, the stress regime will change from normal to strike-slip faulting. Thus, the reduction
of normal faulting but increasing strike-slip faulting observed in clustered seismicity within the GS may reflect shallower earthquake
depths or enhanced north-south Symax, Which may be driven by stress redistribution of aftershock sequences. Overall, these findings
highlight the importance of considering both slab-internal deformation processes and overriding plate dynamics when interpreting
seismicity characteristics in the GS.

5 CONCLUSIONS

Our results reveal systematic spatial variations in seismicity and stress parameters within the MTFZ and the GS as a function of distance
from the MTJ, which is here represented by the hypocentre of the 1992 My, 7.2 earthquake. Both the aftershock productivity and the
Ay value tend to decrease with increasing distance from the MTJ. Similarly, the background earthquake intensity in both the MTFZ
and GS tends to decrease with distance from the MTJ.

Compared to the MTFZ and GS, the NSAF region exhibits a higher proportion of foreshocks and more swarm-like clusters, which
may be associated with increased surface heat flow and aseismic failure processes. In the GS, most earthquakes exhibit focal mech-
anisms of strike-slip or normal faulting despite the overall subduction setting. The abundant normal faulting mechanisms may be
associated with the flat-angle subduction of the slab, which can generate extensional stresses due to horizontal drag. The abundance
of strike-slip mechanisms likely reflects the reactivation of pre-existing normal faults under north-south Syy,y orientation of the GS.
Furthermore, the high proportion of normal faulting in background seismicity potentially indicates internal slab bending.

These observations provide new insights into how tectonic processes and their resulting stress field control the characteristics
and spatial distribution of seismicity near the MTJ, especially the systematic decay of aftershock productivity, intensity of background
seismicity and the stress level with increasing distance from the MTJ. Our results contribute to a better understanding of the mechanical
processes and seismicity in the Cape Mendocino region.
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Figure S1. Relation between A-aftershock number of the earthquake clusters in the MTFZ and GS, and their main shock distances
to the MTJ based on the parameters of (a) A = 2,(b) A = 3 and (c) A = 3.5. The stars are M > 6 events. The MTJ location is defined
as the hypocentre of the 1992 My, 7.2 main shock.

Figure S2. (a) Tectonic setting in Cape Mendocino together with instrumental seismicity with M > 2.5 between 1984 January 1
and 2025 January 31. The dots represent the seismic events in the Mendocino Transform Fault Zone (MTFZ), the Gorda Slab (GS),
the North American Plate (NAP), and the Northern San Andreas Fault system (NSAF). The location of the Mendocino Triple Junction
(MTYJ) is defined as the hypocentre of the 1992 My, 7.2 main shock. The abbreviation of GR is Gorda Ridge. Arrows indicate the sense
of plate motion. The thick and thin lines are faults and coastlines. (b) Depth distribution of events along the A-A’ profile. The stars
in (a) and (b) mark M,, > 6 earthquakes. Events located within ~15 km from the profile line are projected onto the profile. (c) Depth
distribution of events along the B-B’ profile.

Figure S3. The joint distribution of rescaled time (T) and space (R) components of the nearest-neighbour proximity (eq. 2) of
M,>2.5 events from 1984 January 1 to 2025 January 31 in the F. Waldhauser & D.P. Schaff (2008) catalogue in (a) the whole study area,
(b) MTFZ, (c) NAP, (d) GS and (e) NSAF. The black line in (a) is logT + logR = —4.03. The colourbar is the kernel density of the event
distribution.

Figure S4. The proportion of aftershocks, main shocks, and foreshocks in the MTFZ, GS, NAP and NSAF.

Figure S5. Relation between A-foreshock number of the earthquake clusters in the MTFZ and GS, and their main shock distances
to the MTJ based on the parameters of A = 2. The MTJ location is defined as the hypocentre of the 1992 My, 7.2 main shock.

Figure S6. Proportion of focal mechanism types of (a) background and (b) clustered seismicity in the GS, MTFZ, NAP and NSAF.
The bars represent the normal, reverse and strike-slip faulting, respectively.

Figure S7. Sumax and strain rate orientations in Cape Mendocino. The Sy, Symbol and stress regime classification are provided
in the legend. The bars are the azimuth of the most compressive principal strain rate from C.P. Nuyen & D.A. Schmidt (2022) and C.P.
Nuyen (2022), under the terms of the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). The thick and thin lines are
faults and coastlines. The stars are M > 6 events during the analysed time period.

Figure S8. Syy.x orientations of each Voronoi cell in Cape Mendocino based on the inversion of (a and b) background and (c and
d) all seismicity. In (a) and (c), the thick and thin lines are faults and coastlines. The stars are M, > 6 events between 1984 January 1
and 2025 January 31. The panels beneath the maps are the depth distribution of fault types in each Voronoi cell along profile A-A’. The
Stmax Symbol and stress regime classification are provided in the legend. (b and d) Stereonets based on the inversion of background
and all seismicity in the GS, MTFZ, NAP and NSAF. The orientations of three principal stresses o1, 02 and o3 are indicated in the
plot, represented by the 95 per cent confidence interval from bootstrap resampling. The best orientation of each principal stress axis is
given with a cross.

Figure S9. Relation between aftershock productivity of earthquake clusters (A = 1.5), A, values of each Voronoi cell for (a) back-
ground seismicity and (b) all seismicity, and the distances of events to the MTJ in the NSAF. The triangles are the aftershock productivity
of earthquake clusters. The dots are the distances of individual events in each Voronoi cell to the MTJ, while the circles are the average
distances of each cell.

Please note: Oxford University Press is not responsible for the content or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be directed to the corresponding author for the paper.
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