
1. Introduction
The underlying physical mechanisms driving seismicity control its spatiotemporal evolution. Classic “main-
shock-aftershock” sequences are largely driven by earthquake-earthquake interaction via Coulomb stress trans-
fer (King et  al.,  1994) and follow an Omori law decay. Conversely, swarms have no obvious mainshock and 
commonly exhibit a complex spatiotemporal evolution. They are often associated with external forcing by migrat-
ing fluids and/or aseismic slip, which likely operate on different time scales (De Barros et al., 2020; Hainzl & 
Ogata, 2005; Lohman & McGuire, 2007; Ross et al., 2020). The physical conditions favoring swarm over main-
shock-aftershock sequences are still poorly understood and may relate to the stress state and frictional properties 
of faults. In fact, temporal variation of b-values during swarms (Hainzl & Fischer, 2002; Yoshida et al., 2017) 
and the transition from swarm to mainshock-aftershock sequences (Bachura et al., 2021) have been interpreted to 
reflect stress and/or frictional strength variations. The inverse correlation between b-value and differential stress 
suggests that lower b-values reflect local stress concentrations favoring the growth of larger earthquakes (Goebel 
et al., 2012; Scholz, 1968; Schorlemmer et al., 2005).

Documented observations of spatiotemporal seismicity variations have highlighted interactions between seismic 
and aseismic fault slip in a variety of tectonic settings (Cruz-Atienza et al., 2021; Mouslopoulou et al., 2020; 
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Tormann et al., 2013). Slow-slip transients often precede large magnitude earthquakes (Cruz-Atienza et al., 2021; 
Uchida et al., 2016) and large earthquakes can trigger slow-slip transients via static and/or dynamic stress pertur-
bations (Cruz-Atienza et al., 2021; Koulali et al., 2017). Current detection thresholds of seismic signals are lower 
than those of aseismic signals, and the occurrence of slow-slip transients during seismic sequences is often indi-
rectly inferred by seismological observations (De Barros et al., 2020; Uchida & Bürgmann, 2019). The scarcity 
of synchronous high-resolution seismological and geodetic data therefore hinders widespread analysis of spatio-
temporal interactions between seismic and aseismic deformation.

The northern Armutlu Peninsula in the eastern Sea of Marmara, northwestern Turkey, offers a natural labora-
tory to study the underlying processes that govern the spatiotemporal seismicity evolution. The region hosts 
high-seismicity rates with strong spatiotemporally correlated activity (Martínez-Garzón, Ben-Zion, et al., 2019), 
slow-slip transients (Aslan et al., 2019; Durand et al., 2022; Martínez-Garzón, Bohnhoff, et al., 2019, 2021), and 
intense hydrothermal activity (Eisenlohr, 1997). It also hosts the only onshore segment of the North Anatolian 
Fault (i.e., Çınarcık fault) along the Marmara seismic gap (Figure 1a) (Bohnhoff et al., 2013; Parsons, 2004), 
which was densely instrumented in 2019–2020 during the SMARTnet seismic experiment (Figures 1a and 1b) 
(Martínez-Garzón et al., 2021, Martínez-Garzón, Bohnhoff, et al., 2022). A period of increased seismicity started 
at the end of November 2018 and includes a Mw 4.1 on 30 November 2018 and a Mw 4.5 on 20 December 2018, 
both activating an onshore local normal fault (Figures 1a–1c, Martínez-Garzón et al., 2021).

In this study, we generate an enhanced, high-resolution microseismicity catalog from 25 January 2019 to 7 
February 2020 to analyze the spatiotemporal earthquake distribution in the northern Armutlu peninsula that 
incorporates data from the SMARTnet experiment. We examine in detail the seismicity contemporaneous to 
a nearby aseismic strain transient that initiated on 20 December 2018, the same day as the Mw 4.5 earthquake 
(Martínez-Garzón et al., 2021). The strain signal duration of ∼250 days (Figure 1c) exceeded the typical few-day 
duration of afterslip signals of M < 5 events (Hawthorne et al., 2016), leading to the interpretation as a slow-slip 
transient (Martínez-Garzón et al., 2021).

In the following, we discuss the physical conditions underlying swarm and mainshock-aftershock sequences and 
describe the relations between aseismic and seismic-slip episodes, along with their seismic hazard implications.

2. Data and Methods
We conduct a matched-filter search using the software EQcorrscan (Chamberlain et al., 2018) to create a high-res-
olution catalog of the study region. We construct templates using 807 events and phase-picks from the relocated 
catalog of Martínez-Garzón et al.  (2021) considering waveforms from land and borehole stations (Figure 1a, 
Text S1 in Supporting Information S1). We compute detections between 25 January 2019 to 7 February 2020 
by cross-correlating P- and S-wave signal windows on vertical and horizontal channels, respectively. We locate 
events with five or more cross-correlation derived phase-picks in NonLinLoc (Lomax et al., 2000) using a local 
1D velocity model (Bulut et al., 2009). We estimate relative magnitudes based on amplitude differences using 
EQcorrscan routines (Chamberlain et al., 2018) to create a final list of both template events and new detections. 
Text S1 in Supporting Information S1 details the matched-filter detection procedure. We then improve relative 
locations in HypoDD (Waldhauser, 2001) using both P- and S-phase cross-correlation and catalog differential 
arrival times to provide a detailed image of activated seismic structures and their relative geometries. Text S2 in 
Supporting Information S1 details the relocation method.

Next, we analyze the temporal b-value evolution to investigate the seismicity frequency-magnitude-distribution 
(FMD) variation in space and time. To avoid b-value estimation bias due to changes in the magnitude of complete-
ness (Mc) (Hainzl, 2016), we jointly estimate both parameters using 50% overlapping windows of 600 events and 
compare their trends. We calculate b-value and Mc using the maximum likelihood method (Utsu, 1965) and good-
ness-of-fit test (Wiemer & Wyss, 2000), respectively. We report mean values of 1,000 bootstrap runs and  68% 
confidence intervals.

We then estimate effective stress drop (Δσeff) values of individual seismic sequences to investigate possible aseis-
mic deformation along fault segments (Fischer & Hainzl, 2017). The Δσeff is estimated with equations similar to 
the stress drop for a single circular crack (Madariaga & Ruiz, 2016), where the total rupture area of the cluster 
is analogous to the rupture area of the crack (Fischer & Hainzl, 2017). Similar to the single crack, an increase in 
rupture area relative to slip for a given seismic moment corresponds to a lower stress-drop value. The release of 
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Figure 1.
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stress by aseismic deformation commonly results in lower Δσeff compared to the typical range static stress drop 
values for individual events (0.1–100 MPa) (Fischer & Hainzl, 2017).

Furthermore, we quantify the seismicity dynamics and event interaction using a nearest-neighbor cluster analy-
sis (Zaliapin & Ben-Zion, 2013a, 2013b; Zaliapin et al., 2008). The nearest-neighbor cluster analysis combines 
inter-event distances and times rescaled by the magnitude-frequency distribution to individuate clusters of linked 
events. The largest magnitude event in a cluster is called “mainshock”, and remaining events occurring before and 
after the mainshock are termed “foreshocks” and “aftershocks”, respectively. The term “singles” denotes isolated 
events that lack links with other events. The sum of aftershocks and foreshocks represents clustered (non-Pois-
sonian) seismicity, while the sum of mainshocks and singles represents background (Poissonan) seismicity. We 
apply a 1D Gaussian mixture model (Figure S1 in Supporting Information S1, Martínez-Garzón et al., 2018; 
Zaliapin & Ben-Zion, 2016) to separate background from clustered seismicity. For each cluster, we calculate the 
average leaf depth (dm), namely the average topological distance from the cluster leaves (earthquakes with no 
offspring) to the root (first earthquake in the cluster) (Zaliapin & Ben-Zion, 2013a, 2013b). Larger dm are typical 
of swarm-like sequences, while smaller dm are typical of burst-like (mainshock-aftershocks) sequences. Text S3 
in Supporting Information S1 details the nearest-neighbor method.

Finally, we identify families of highly similar events using waveform-based clustering using Clusty (Petersen 
et al., 2021). We cross-correlate P- and S-wave phases on vertical and horizontal channels, respectively, for all 
event pairs within 10 km hypocentral distance. Text S4 in Supporting Information S1 details the waveform-based 
clustering approach.

3. Results
3.1. Enhanced and Relocated Microseismicity Catalogs

The initial enhanced matched-filter catalog contains 7,677 events and displays a Mc 0.8 (Figure 1b). It has average 
vertical location errors of 2.4 ± 1.2 km and horizontal semi-minor and semi-major axes error ellipses of 1.8 ± 1.5 
and 5.2 ± 3.0 km, respectively, within the 68% confidence interval. We successfully relocate 4,182 events with 
relative horizontal and vertical location errors of 100 and 40 m, respectively, estimated from bootstrap resam-
pling of 1,000 trials using the 68% confidence interval. The relocated catalog illuminates the complex tectonics 
of the northern Armutlu Peninsula in unprecedented detail. The seismicity shows strong spatial clustering of 
3,381/4,128 events (82%) within a narrow ∼60 km 2 region (Figures 1b and 2) that release 86% of the total seismic 
moment (M0) of the relocated catalog. We refer to the most seismically active region during our study period as 
the “Esenköy Seismic Zone” (ESZ) (Figures 1b and 2). We note that the cluster analysis employs the relocated 
catalog, given the highly similar cumulative M0 and temporal distribution of events with respect to the initial 
catalog (Figure 3a).

3.2. Spatiotemporal Evolution, b-Values and Effective Stress Drop of Seismicity Within the ESZ

The seismicity within the ESZ exhibits strong temporal clustering that highlights four distinct sequences: (a) 
Sequence 1 from 25 January 2019 to 28 February 2019 (contemporaneous onset with SMARTnet operation), (b) 
Sequence 2 from 6 May 2019 to 16 May 2019, (c) Sequence 3 from 9 July 2019 to 19 July 2019, and (d) Sequence 
4 from 22 November 2019 to 29 November 2019 (Figures 2 and 3a). The seismic activity within sequences exhib-
its negligible spatial overlap (except for partial overlap of Sequences 1–2), suggesting the activation of different 
faults and/or segments. Sequences exhibit distinct temporal distribution of event frequencies and magnitudes 
(Figure S2 in Supporting Information S1).

Sequence 1 shows the widest spatial extent and delineates a NW-SE striking normal fault dipping ∼60° toward NE 
at depths of 6–11 km (Figure 2). The seismicity distribution in map-view shows NW-SE or NNW-SSE elongated 

Figure 1. (a) Armutlu Peninsula and eastern Sea of Marmara seismotectonic map. Solid brown lines represent fault traces (Armijo et al., 2002; Kinscher et al., 2013). 
Dashed orange line indicates Çınarcık segment, dashed black line indicates offshore extension of the M 7.4 17 August 1999 Izmit rupture (Barka et al., 2002). Orange 
stars represent epicenters of M > 4 earthquakes following the Izmit earthquake (KOERI, 1971). Focal mechanisms of the 30 November 2018 Mw 4.1 and 20 December 
2018 Mw 4.5 earthquakes (beach-balls) and relocated events (circles) are from Martínez-Garzón et al. (2021). SM, SMARTnet; KO, KOERI. (b) enhanced seismicity 
catalog 25 January 2019 to 7 February 2020 from this study. Dashed purple rectangle delineates the Esenköy Seismic Zone. (c) temporal seismicity distribution from 
KOERI (KOERI, 1971) and AFAD (AFAD, 2022) catalogs (1 September 2018 to 7 February 2020, latitude 40.44-40.64 and longitude 28.90-29.04) and differential 
component of the strain signal recorded from strainmeters BOZ1 and ESN1.
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clusters separated by regions with a dearth of seismicity. It exhibits elevated b-values varying between ∼1.4–1.6, 
indicating a larger proportion of smaller-magnitude events (Figure  3b). The Δσeff of ∼0.02  MPa (Figure  3a) 
suggests a low cumulative M0 release relative to total activated area.

Sequence 2 activates two distinct regions to the NW (hereafter northern cluster, ii in Figure 2) and SE (hereafter 
southern cluster, iii in Figure 2) of the normal fault active during Sequence 1. Cluster ii spatially overlaps with 
seismic activity during Sequence 1, while Cluster iii is separated from it by a ∼1 km gap (Figure 2). In addition, a 
minor number of events occur over the same structure active in Sequence 1. Sequence 2 exhibits b-values of ∼1.4 
(Figure 3b) and Δσeff of ∼0.01 MPa, similar to values in Sequence 1. However, the ∼5 km between Clusters ii and 
iii suggests they may not be related to the same underlying process. Thus, we also calculate the Δσeff of Cluster ii 
and iii separately, obtaining values of ∼1 and ∼0.35 MPa, respectively (Figure 3a).

Figure 2. Esenköy Seismic Zone seismicity. Colored circles denote events within four seismic sequences. Dashed boxes 
include initial event selection for effective stress drop estimates (Section 3.2). We consider two scenarios for Sequence 2: (1) 
single sequence (i); (2) two sequences, including a northern (ii) and a southern cluster (iii). W is width (km) of cross-sections 
(left/right). We include high quality (RMS ≤ 0.6 and ≥10 polarity readings) focal mechanisms (Martínez-Garzón et al., 2021) 
of background events (see text).
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Sequence 3 concentrates within a narrow area at 9–10 km depth and hosts the largest event in the catalog, a Mw 
3.5 on 11 July 2019 (Figure 2). Despite its lower event numbers relative to the other sequences, especially in 
January, February and November, it releases substantially larger cumulative M0 (Figure 3a). Seismicity concen-
trates along the NW continuation of the normal fault activated during Sequence 1 and partly in May and has a 
less clear geometry at depth. The b-value of ∼1.1 is the smallest among the sequences, while the Δσeff, ∼2 MPa 
is the largest (Figure 3a).

Sequence 4 occurs in the westernmost part of the ESZ and activates a vertical strike-slip fault at 7.5–10 km 
depth (Figure 2). We observe b-values of ∼1.1–1.2 at the beginning of the sequence that rapidly increase to ∼1.5 
(Figure 3b). The sequence exhibits Δσeff of ∼0.28 MPa (Figure 3a).

Notably, the temporal b-value variations correlate positively with the slow-slip transient observed in 
Martínez-Garzón et al. (2021) during the same period. The high b-value of ∼1.4–1.6 during the period of high-
strain level decreases with time approaching ∼1.1, when the transient strain signal reaches a plateau and approaches 
pre-transient levels, suggesting recovery from a perturbed stress state (pre-20 December 2018) (Figure 3b). The 
temporal b-value variations correlate poorly with Mc variations that show only minor oscillations around the 
average value of 0.8 (Figures 3b and 3c). We observe a similar b-value evolution and correlation with the slow-
slip transient, even when using events from the relocated catalog and different event windows (Figures S3 and S4 
in Supporting Information S1). The systematically lower Mc from mid-end of July 2019 onward is explained by 

Figure 3. Spatiotemporal seismicity distribution. (a) daily event number and cumulative M0 versus time. Orange squares report Δσeff estimates of individual sequences. 
For Sequence 2: (i) entire cluster, (ii) northern cluster; (iii) southern cluster (Figure 2). (b) b-value evolution. Continuous blue line shows differential strain component 
at strainmeter BOZ1 (Figure 1); horizontal dashed blue line indicates approximate strain level before 20 December 2018. (c) temporal evolution of completeness 
magnitude (Mc). Vertical bars (b–c) denote 68% confidence interval. We obtain b-values and Mc from events in the initial enhanced catalog. Gray shaded areas (a–c) 
denote temporal intervals of the four sequences.
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the deployment of five additional seismometers in July 2019 (Figure 3c, Text S1 in Supporting Information S1, 
Martínez-Garzón et al., 2021).

3.3. Nearest-Neighbor Cluster Analysis

The nearest-neighbor approach estimates that 37% and 63% of events represent background and clustered seis-
micity, respectively. Figure 4a shows the distribution of rescaled times and distances from our catalog. The grad-
ual decrease in background seismicity from January to the beginning of August correlates with the decrease in 
the strain level at nearby strainmeters (Figure S5 in Supporting Information S1).

Comparing dm with the size of clusters with ≥10 events reveals two distinct cluster groups (Figure 4b). In the first 
group, dm increases quickly with the cluster size, which is typical of swarm-like clusters; in the second group, 
dm gently increases with the cluster size, which is typical of burst-like clusters (Figure 4b). Based on the trend 
observed in Figure 4b, we define a dm threshold of ∼4 ± 0.5 to separate swarm and burst-like activity. The two 
clusters containing the largest events in the catalog (Mw 3.5 on 11 July 2019 and Mw 3.3 on 22 November 2019) 
show clear burst-like behavior with dm < 3.5 and cluster sizes of 93 and 276, respectively (Figure 4b).

We investigate the spatiotemporal evolution of the 32 clusters within the ESZ containing ≥10 events (Figures 4c, 
S6 in Supporting Information S1). Notably, the decrease of average dm with time indicates a transition from 
swarm-like clusters in Sequences 1–2 toward burst-like clusters in Sequences 3–4 (Figure 4c). Moreover, the 
largest clusters in January-February and May display dm > 4.5, while in July and November they display dm < 3.5. 
Only one cluster has dm > 4.5 within Sequence 3. The sequence in November initiates with a burst-like cluster of 
276 events (the largest in the catalog) and it is followed by three swarm-like clusters (dm > 4.5).

We analyze changes in the ratio of foreshocks, mainshocks, aftershocks, and singles between the four sequences 
to further investigate the underlying earthquake dynamics in the ESZ. We observe a gradual temporal decrease 
of the proportion of background seismicity with respect to the total number of events from 43.5% during the 
first sequence to 9.6% during the fourth sequence (Figure 4c). The decrease is mostly driven by a decrease in 
the number of singles, amounting to 32.4%, 13.7%, 8.2%, and 5.4% of the total number of events in Sequences 
1–4 (Figure 4c). A change in the ratio between foreshocks and aftershocks accompanies an increase of clustered 
seismicity from Sequence 1 to 4. Generally, except for Sequence 2, where the foreshock-aftershock ratio is 1.40, 
it gradually decreases with time from 0.46 to 0.16, further supporting the overall transition from swarm- to 
burst-like cluster behavior (Figure 4c). Table S1 in Supporting Information S1 summarizes the event statistics 
discussed above.

3.4. Highly-Similar Event Clusters

We identify 29 highly similar event families or “repeaters” (without temporal constraints) from the relocated 
catalog. Repeater families are limited to 2–4 events and exhibit average inter-event times of a few hours, except 
for two families in February with average inter-event times exceeding a week (Figure S7 in Supporting Infor-
mation S1). The ESZ hosts 23 repeater families, where 6, 5, 2, and 4, families occur in Sequence 1, 2, 3, and 4, 
respectively (Figure S8 in Supporting Information S1). Only two of the remaining six repeater families occur 
more than on  week before or after the reported sequences, suggesting a correlation in the processes driving 
sequences and repeating earthquake activity.

4. Discussion
We focus the discussion on the description of Sequences 1–3 that occurred synchronously with the slow-slip 
transient. The two closest GONAF borehole strainmeters to the ESZ, ESN1 and BOZ1 (Figure 1a) recorded the 
transient strain signal, suggesting a proximal origin to the ESZ (Martínez-Garzón et al., 2021). Martínez-Garzón 
et al. (2021) proposed a location of the slow-slip transient on the shallower portion of the normal fault activated 
by the Mw 4.5 earthquake and Sequences 1–3 based on the available strainmeter data. We base the following 
interpretations on the occurrence of the slow-slip transient on the normal fault mentioned above, that, as we will 
discuss, is consistent with the spatiotemporal seismicity distribution.

Results from nearest-neighbor cluster analysis show a dominant, early swarm-like behavior contrasting the domi-
nant burst-like behavior in July (Figure 4c). Where interpretations of swarm-like behavior commonly invoke 
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Figure 4. Nearest-neighbor cluster analysis results. (a) rescaled distance versus rescaled time. η, nearest-neighbor proximity. Colorbar represents the distribution of 
the density of event pairs. (b) average leaf depth (dm) versus cluster size, with clusters colored according to mainshock magnitude. Dotted turquoise and orange lines 
delineate distribution of burst- and swarm-like clusters. (b-c) dashed horizontal lines denote threshold separating swarm- from burst-like clusters in this study (4 ± 0.5). 
(c) dm versus time of clusters (squares) with ≥10 events. The gray shaded areas denote temporal intervals of Sequences 1–4. (d) percentage of singles, foreshocks, 
mainshocks, and aftershocks (thinner bars) and of background and clustered seismicity (thicker bars) relative to total events during individual sequences within the 
Esenköy Seismic Zone (ESZ).
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external forcing by migrating fluids and/or aseismic slip, burst-like behavior is commonly interpreted to result 
from earthquake-earthquake interactions (De Barros et al., 2020; Hainzl et al., 2012; Hainzl & Fischer, 2002; 
Lohman & McGuire, 2007; Verdecchia et al., 2021). Thus, the transition of more swarm-like to burst-like clus-
ter behavior suggests a decrease in the external forcing over Sequences 1–3, in agreement with the observed 
temporal decay of the concomitant local slow-slip transient that occurred on the same fault. To infer changes 
in external forcing, it is useful to consider a number of aspects, including: (a) the positive correlation between 
background seismicity and pore-pressure linked to hydraulic operations (Langenbruch et al., 2011; Zaliapin & 
Ben-Zion, 2016); (b) the acceleration of the rupture of isolated asperities (single events) at distances beyond those 
affected by earthquake-earthquake interactions during slow-slip propagation (Matsuzawa et al., 2004); and (c) 
the increase in the foreshock-aftershock ratio within seismic sequences driven by slow-slip transients (McGuire 
et  al.,  2005). Our results show: (a) decreasing proportion of background seismicity that correlates with the 
decrease of transient strain levels (Figure S5 in Supporting Information S1) and of the proportion of background 
to clustered seismicity; (b) a decay in number of single events; and (c) a decrease in the foreshock-aftershock 
ratio (Figure 4d), supporting the decrease in external forcing. The increased proportion of clustered seismicity 
over time could signify the build-up of stress over the region, which is consistent with temporal variations of the 
observed b-value (Figures 3b and 4d).

We observe a striking positive correlation between the b-value evolution and the recorded slow-slip transient 
(Figures 3b, S3, and S4 in Supporting Information S1). The inverse correlation between the b-value and differ-
ential stress (Scholz, 1968, 2015; Schorlemmer et al., 2005), in addition to the positive correlation between the 
b-value with pore pressure (Bachmann et al., 2012) and material heterogeneity (Goebel et al., 2017), suggests 
a link between the b-value and the shear stress and/or fault frictional strength (Tormann et al., 2014; Yoshida 
et  al.,  2017). Thus, our findings are consistent with a model where the earthquake FMD reflects changes in 
the stress regime and/or fault frictional strength modulated by aseismic deformation. Changes in the stress 
regime and/or fault frictional strength modulated by aseismic deformation may arise from different mechanisms. 
Tormann et al. (2013) observed a similar correlation between the seismic b-value and a shallow slow-slip tran-
sient along the Parkfield segment of the San Andreas Fault, proposing that earthquake FMD responds to vari-
ations in aseismic deformation rates that affect the fault stressing regime. They interpret slow-slip transients to 
release fault stresses that promote individual rupture, rather than coalescent rupture of embedded asperities that 
result in smaller magnitude earthquakes and higher b-value. Reduced on-fault aseismic deformation promotes 
shear stress increase, earthquake-earthquake interactions, and fracture coalescence that increase the probability 
of larger-magnitude earthquakes and reduce the b-value. However, slow-slip transients do not only reduce shear 
stress on the fault segment where they occur but may increase/decrease stresses on neighboring segments and/or 
faults (Obara & Kato, 2016). Segments where stress increases should exhibit a higher probability for larger-mag-
nitude earthquakes and lower b-values and vice versa. An accurate location of the slow-slip transient would be 
needed to clarify the mechanisms by which the slow-slip transient modulates the earthquake FMD but is chal-
lenging with the available strainmeter data. Additionally, fault frictional strength may evolve over time due to 
changes in fault hydromechanical properties (Cappa et al., 2019), where slow-slip transients have been observed 
to modulate pore fluid pressures (Warren-Smith et al., 2019).

The proposed relation between the b-value and aseismic deformation is further supported by the observed vari-
ations of Δσeff and the distribution of repeater families. The Δσeff is comparatively low in January-February, 
implying notable aseismic stress release (Fischer & Hainzl, 2017) over the activated area, and increases toward 
July (Figure 3a). Repeater families are particularly abundant during Sequences 1–2 and decrease in July (Figures 
S7 and S8 in Supporting Information S1). De Barros et al. (2020), observed an increasing number of repeaters 
with short interevent times during seismic swarms driven by a combined effect of fluid diffusion and aseismic 
slip.  In addition to external forcing by slow-slip, fluid migration along faults and pre-existing fractures could 
also promote vigorous seismic activity, especially in a region of intense hydrothermal activity (Eisenlohr, 1997). 
However, we observe no obvious seismicity migration patterns that are well described with a constant diffusion 
coefficient. The lack of obvious diffusion pattern suggests that if fluids do play role, the migration path may be 
complex or indirect. For instance, near-lithostatic pore pressures along patches of active fault zones can enable 
faults to fail aseismically in slow earthquakes (Liu & Rice, 2009). We observe sporadic fast migration periods that 
could be associated with slow-slip propagation (Figure S9 in Supporting Information S1).

In summary, our results indicate that the spatiotemporal seismicity distribution during the first three sequences is 
modulated by the ∼250-day slow-slip transient that originated in the northern Armutlu Peninsula on 20 December 
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2018. The temporal correlation between b-value variations and geodetic data indicates that aseismic slip may 
influence the seismic hazard of target faults. It is not yet well established if slow-slip transients can also modify 
the frequency-magnitude distribution of earthquakes on nearby faults. If so, it could affect the locked or creeping 
status of individual fault segments along the Marmara seismic gap (Bohnhoff et al., 2013) and subsequently alter 
local seismic hazard.

We note that the seismicity analyzed here (25 January 2019 to 7 February 2020) is part of a period of increased 
seismicity that started at the end of November 2018 and includes a Mw 4.1 and a Mw 4.5 earthquake on 30 Novem-
ber 2018 and 20 December 2018, respectively. The seismicity in the ∼1-month after the Mw 4.5 earthquake devi-
ated from an Omori law decay, suggesting that it does not represent an aftershock sequence (Martínez-Garzón 
et al., 2021). We note, however, that the interpretation of aseismic and seismic slip interaction on neighboring 
fault patches is independent of any inferred aftershock sequence that may or may not have been ongoing.

5. Conclusions
We generate an enhanced 1-year microseismicity catalog from a dense local seismic network providing unprec-
edented resolution in the northern Armutlu Peninsula. We use it to analyze the spatiotemporal seismicity distri-
bution with the goal of exploring the mechanisms driving the local seismic activity and principal deformation 
mechanisms in the study area. Synthesizing the catalog analysis with available strainmeter data leads to the 
following findings:

•  The occurrence of four spatially and temporally distinct week-long sequences within a narrow ∼60 km 2 area 
(Esenköy Seismic Zone).

•  Seismicity is mostly driven by both aseismic deformation and earthquake-earthquake interactions; the relative 
dominance of mechanisms varies in time and space over the span of the ∼1 year study period.

•  We provide one of the first direct observations of a correlation between a slow-slip transient and seismic 
b-value that highlight the influence of aseismic deformation on seismic slip, as well as the impact of aseismic 
deformation on local seismic hazard.

Data Availability Statement
Figures were created using the Global Mapping Tool (Wessel et al., 2013) and Matplotlib (Hunter, 2007). Wave-
form data processing was performed with Obspy v1.1 (Beyreuther et al., 2010). The absolute location and relo-
cated catalogs are available from Bocchini et al. (2022). The relocated catalog used to build template events is 
available from Martínez-Garzón, Durand, et al. (2022).
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