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SUMMARY1

We investigate active tectonics in southwestern Turkey along the trend between Fethiye, near2

the eastern end of the Hellenic subduction zone, and Burdur, on the Anatolian plateau. Previ-3

ously, regional GNSS velocities have been used to propose either (1) a NE-trending zone of4

strike-slip faulting coined the Fethiye-Burdur Fault Zone, or (2) a mix of uniaxial and radial ex-5

tension accommodated by normal faults with diverse orientations. We test these models against6

the available earthquake data, updated in light of recent earthquakes at Arıcılar (24 Novem-7

ber 2017,Mw 5.3), Acıpayam (20 March 2019,Mw 5.6) and Bozkurt (8 August 2019,Mw 5.9),8

the largest in this region in the last two decades. Using Sentinel-1 InSAR and seismic wave-9

forms and arrival times, we show that the Arıcılar, Acıpayam, and Bozkurt earthquakes were10

partially or fully buried ruptures on pure normal faults with subtle or indistinct topographic11

expressions. By exploiting ray paths shared with these well-recorded modern events, we re-12

locate earlier instrumental seismicity throughout southwestern Turkey and incorporate these13

improved hypocenters in an updated focal mechanism compilation. The southwestern Fethiye-14

Burdur trend is dominated by ESE-WNW trending normal faulting, even though most faults15

evident in the topography strike NE-SW. This hints at a recent change in regional strain, per-16

haps related to eastward propagation of the Gökova graben into the area or to rapid subsidence17

of the Rhodes basin. The northeastern Fethiye-Burdur trend is characterized by orthogonal18

normal faulting, consistent with radial extension and likely responsible for the distinct phys-19

iography of Turkey’s Lake District. We find that the 1971 Mw 6.0 Burdur earthquake likely20

ruptured a NW-dipping normal fault in an area of indistinct geomorphology near Salda Lake,21

contradicting earlier studies that place it on well-expressed faults bounding the Burdur basin,22

and further highlighting how damaging earthquakes are possible on faults that would prove23

difficult to identify beforehand. Overall, our results support GNSS-derived kinematic mod-24

els that depict a mix of uniaxial and radial extension throughout southwestern Turkey, with25

no evidence from focal mechanisms for major, active strike-slip faults anywhere along the26

Fethiye-Burdur trend. Normal faulting orientations are consistent with a stress field driven pri-27

marily by contrasts in gravitational potential energy between the elevated Anatolian plateau28

and the low-lying Rhodes and Antalya basins.29
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1 INTRODUCTION32

Southwestern Turkey is characterized by active crustal faulting and abundant seismicity, but the33

kinematics and dynamics of this deformation are both controversial. The region sits atop two ar-34

cuate, northward-dipping subduction zones — the Hellenic and Cyprus arcs — in which Nubian35

oceanic lithosphere is consumed beneath continental Anatolia (Figure 1a). The easternmost Hel-36

lenic subduction zone is characterized by parallel, NE-trending bathymetric troughs termed the37

Pliny and Strabo trenches, which are highly oblique to Nubia–Anatolia plate convergence and38

may involve some component of sinistral strike-slip faulting (McKenzie 1972; Hall et al. 2009;39

Shaw & Jackson 2010; Özbakır et al. 2013). It has been proposed that these faults continue across40

the Rhodes Basin and into Anatolia (Ocakoğlu 2012; Hall et al. 2014) to form a NE-trending zone41

of discontinuous, sinistral or sinistral-transtensional faults termed the Fethiye-Burdur Fault Zone42

(FBFZ) (e.g. Dumont et al. 1979; Eyidogan & Barka 1996; Barka & Reilinger 1997; Tiryakioğlu43

et al. 2013; Elitez et al. 2015, 2016) after the cities of Fethiye, on the Mediterranean coastline, and44

Burdur, on the Anatolian plateau (yellow squares, Figure 1a–b). These purported sinistral faults45

constitute the western limb of a triangular structural trend known as the Isparta angle.46

47

However, existence of the sinistral FBFZ has been called into question, with a number of geolog-48

ical, seismological and geodetic studies pointing to a dominance of crustal extension and normal49

faulting along the Fethiye-Burdur trend (e.g. Koçyiğit & Özacar 2003; Över et al. 2010, 2013b;50

Alçiçek 2015; Howell et al. 2017; Kaymakcı et al. 2018; Özkaptan et al. 2018) and indeed through-51

out the Isparta angle (Glover & Robertson 1998; Över et al. 2016). Resolving this discrepancy is52

important for understanding regional earthquake risks, with several faults of disputed slip sense53

and rate included in Turkey’s most recent national active fault database (Emre et al. 2018) and54

probabilistic seismic hazard maps (Demircioğlu et al. 2018). Linkage between onshore faults and55

offshore faulting in the Rhodes basin may also have important implications for regional tsunami56
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hazards (England et al. 2015; Howell et al. 2015). Finally, accurately characterizing fault kinemat-57

ics is crucial to understanding what is driving the deformation, whether it be plate boundary forces58

(Jiménez-Munt & Sabadini 2002; Reilinger et al. 2006), contrasts in gravitational potential energy59

between thickened continental crust of the Anatolian plateau and low-lying oceanic lithosphere of60

the Mediterranean basin (England et al. 2016), or a mixture of the two (Özeren & Holt 2010).61

62

Earthquakes provide a powerful means of assessing the regional kinematics and the prevalence63

of strike-slip faulting. The 24 November 2017 Mw 5.3 Arıcılar earthquake, the 20 March 201964

Mw 5.6 Acıpayam earthquake, and the 8 August 2019 Mw 5.9 Bozkurt earthquake (Figure 1b)65

were the largest within the Isparta angle in more than two decades and were each captured by66

satellite-borne Interferometric Synthetic Aperture Radar (InSAR) as well as by regional and tele-67

seismic waveforms and arrival times. The goal of this paper is to exploit these well-recorded mod-68

ern earthquake sequences in a reassessment of regional active tectonics. We examine the whole69

Isparta angle, though our principal focus is the Fethiye-Burdur trend along its western limb.70

71

In Section 2, we briefly review previous evidence for and against the existence of a left-lateral72

FBFZ. In Section 3, we describe the geodetic and seismological data and modelling approaches73

used to characterize the modern earthquakes, and discuss a catalogue of regional focal mecha-74

nisms compiled from the literature and updated with new, relocated hypocenters. Finding a distinct75

change in the pattern of earthquake faulting approximately midway between Fethiye and Burdur,76

we separate our results geographically. In Section 4, we examine seismicity in the southern Is-77

parta angle with a focus on the Fethiye region; this includes the first ever detailed analysis of the78

2017 Arıcılar sequence. In Section 5, we investigate seismicity in the northern Isparta angle; this79

includes new assessments of the 2019 Acıpayam and Bozkurt sequences and a reexamination of80

the destructive 12 May 1971 Mw 6.0 Burdur earthquake. In Section 6, we first discuss the new81

earthquake data in light of GNSS-derived regional kinematic models and then consider the forces82

likely responsible for the observed deformation.83
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2 A SUMMARY OF EVIDENCE FOR AND AGAINST THE FBFZ84

2.1 Surface geology and subsurface geophysics85

Dumont et al. (1979) first proposed that prominent NE-trending faults in southwestern Turkey86

constituted a major, sinistral strike-slip zone associated with the eastern termination of the Hel-87

lenic arc. However, despite an abundance of subsequent mapping and surveying, the geological88

and geophysical evidence for the FBFZ remains inconclusive.89

90

Ocakoğlu (2012) and Hall et al. (2014) studied the Rhodes Basin and Gulf of Fethiye (Fig-91

ure 1b) using multi-beam bathymetry and seismic reflection imagery, identifying several NE-92

trending faults and linking them kinematically with the purported FBFZ onshore. However, Tosun93

et al. (2021) later characterized faults in and around the Gulf of Fethiye as predominantly normal94

sense. East and north of Fethiye, ten Veen (2004), Elitez & Yaltırak (2014, 2016) and Elitez et al.95

(2017) mapped distributed, NE-trending, sinistral-transtensional faults in the Eşen-Çay, Çameli96

and Gölhisar basins (Figure 1b). However, Alçiçek et al. (2006) and Özkaptan et al. (2018) have97

argued for normal motions on faults near Çameli and the purported sinistral components remain98

controversial (Alçiçek 2015; Elitez et al. 2015). A paleoseismic study of the Acıpayam fault, one99

of the longest NE-trending strutures in this area (Figure 1b), also suggested predominantly normal100

kinematics (Kürçer et al. 2016). Gürer et al. (2004) conducted a magnetotelluric profile across this101

region and attributed a zone of high conductivity southeast of Çameli to the FBFZ, but these data102

lack kinematic indicators. Paleomagnetic data from Kaymakcı et al. (2018) do not support a major103

strike-slip fault in this region.104

105

Further northeast, Aksoy & Aksarı (2016) characterized NE-trending faults bounding the Tefenni106

basin as sinistral-transtensional while Price & Scott (1994) described those in the nearby Burdur,107

Acıgöl and Baklan basins as being normal with sinistral components (Figure 1b). However, a large108

fault slickenside dataset compiled by Özkaptan et al. (2018) suggested that the largest faults in the109

Burdur region are predominantly normal sense, with transtensional slip limited to smaller NW-110
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trending faults in transfer zones between the major NE-trending extensional basins. A MS 7.0111

earthquake on 3 October 1914, which caused widespread devastation across Burdur basin and112

killed ∼4,000 people, involved NE-trending normal or normal-dextral faults along the SE shore-113

line of Lake Burdur, where it likely ruptured to the surface (Taymaz & Price 1992; Ambraseys114

& Jackson 1998). Northeast of the Burdur region, many of the most prominent active structures115

trend NW-SE (perpendicular to the FBFZ) and involve normal kinematics. These include the Dinar116

fault and the Akşehir-Afyon graben, which ruptured to the surface in the 1995 Mw 6.5 Dinar and117

2002 Mw 6.4 Çay earthquakes, respectively (Eyidogan & Barka 1996; Koçyiğit & Özacar 2003).118

2.2 Earthquake focal mechanisms119

Earthquake focal mechanisms offer further insights into the kinematics of these faults. Offshore120

Fethiye, two Mw 6.8 and 7.2 earthquakes in 1957 and a Mw 6.2 event in 2012 all have strike-slip121

mechanisms with NE-trending sinistral nodal planes (Figure 1b). However, depths of the 1957122

earthquakes are poorly constrained and Howell et al. (2017) suggested that they occurred within123

subducting Nubian rather than overriding Anatolian lithosphere. The 2012 earthquake is better124

constrained through waveform modelling by Howell et al. (2017) and Görgün et al. (2014), con-125

firming that it ruptured the Nubian plate at ∼30 km depth.126

127

Otherwise, most well-studied earthquakes along the Fethiye-Burdur trend have involved crustal128

normal faulting of a variety of orientations. Largest amongst these were destructive earthquakes129

at Burdur in 1971 (Mw 6.0), Dinar in 1995 (Mw 6.5) and Sultandağı-Çay in 2000–2002 (earth-130

quakes of Mw 6.0, 6.4 and 5.8), the focal mechanisms of which are plotted on Figure 1b. Using131

teleseismic body-waveform modelling, Taymaz & Price (1992) demonstrated that the 1971 Bur-132

dur earthquake involved normal slip and tentatively attributed it to the NW-dipping Hacılar fault.133

Wright et al. (1999) used InSAR to map normal slip along the SW-dipping Dinar fault in the 1995134

Dinar earthquake, while Koçyiğit & Özacar (2003) and Aksarı et al. (2010) described how the135

2000–2002 Sultandağı-Çay (Afyon) sequence involved NE-, N-, and NW-dipping normal faults in136

the Akşehir-Afyon graben. Finally, numerous smaller events (not shown in Figure 1b) have been137
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modelled using regional waveforms. Över et al. (2010, 2013b, 2016) revealed a predominance of138

E–W normal faulting near Çameli, NE–SW normal faulting near Burdur, and N–S normal faulting139

within the interior Isparta angle, while Irmak (2013) determined a mixture of normal and strike-140

slip faulting in the Denizli region (Figure 1b).141

142

2.3 Satellite geodesy143

Global Navigation Satellite Systems (GNSS) geodesy has played an important role in arguments144

both for and against the FBFZ. The earliest regional GNSS studies revealed that sites along145

Turkey’s Aegean coastline move ∼15–20 mm/yr more rapidly southwestwards than those along146

its Mediterranean coastline, and attributed this differential motion to left-lateral slip along the147

FBFZ (Eyidogan & Barka 1996; Barka & Reilinger 1997; Reilinger et al. 1997). However, these148

inferences were based on sparse campaign sites, with only fifteen situated within the footprint of149

Figure 1b. Since then, instalment of continuous GNSS stations has progressively densified this150

coverage (Reilinger et al. 2006; Aktug et al. 2009; Nocquet 2012; Tiryakioğlu et al. 2013), re-151

sulting in the velocities shown in Figure 2a–b which combine data from all of the earlier studies152

(Howell et al. 2017).153

154

Using an elastic block model with boundaries assigned to the edges of a rigid Isparta angle,155

Reilinger et al. (2006) inverted the GNSS velocities to yield ∼3 mm/yr of sinistral slip and156

∼4 mm/yr of shortening along the southwestern FBFZ with a switch to ∼11 mm/yr of dextral157

slip and ∼1 mm/yr of extension along the northeastern FBFZ. Using a similar approach but in-158

corporating new GNSS data and slightly modified block boundaries, Tiryakioğlu et al. (2013)159

estimated ∼5 mm/yr of sinistral slip and ∼1 mm/yr of extension along the southwestern FBFZ,160

and ∼4 mm/yr each of dextral slip and extension along the northeastern FBFZ (Figure 2c). Both161

models also indicate ∼3–4 mm/yr of sinistral transtension along the eastern boundary of the Is-162

parta angle, allowing for separation of the Isparta block from Anatolia. The switch from dextral to163

sinistral slip along the southwestern FBFZ, coupled with rapid (∼10–18 mm/yr) transtension along164
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the Gediz graben, allows for even faster separation from Anatolia of a Menderes-Gökova block.165

Another shared feature is a block boundary linking the southern tip of the FBFZ with the eastern166

Hellenic arc and characterized by rapid (∼14–23 mm/yr) sinistral transpression (Figure 2c).167

168

Aktug et al. (2009) took a markedly different approach, converting GNSS velocities into strain169

and rotation rate fields rather than inverting them for slip rates on pre-determined block bound-170

aries. For significant strike-slip faulting to occur, the horizontal strain-rate tensor should exhibit171

extensional and shortening principal axes of similar magnitude. Instead, Aktug et al. (2009) found172

that throughout southwestern Turkey, the largest principal axes are extensional. They are oriented173

∼N–S in the Büyük Menderes and Gediz graben northwest of the Fethiye-Burdur trend, but rotate174

to ∼E–W in the Isparta angle interior. Applying a similar strategy with additional data, Howell175

et al. (2017) determined that in the region of lacustrine basins known colloquially as the Lake176

District, there are two extensional principal axes of roughly equal magnitude, implying radial177

divergence (Figure 2d). Further south, their model predicts uniaxial extension accompanied by178

counterclockwise vertical axis rotations in the area around Fethiye.179

3 DATA AND METHODS180

3.1 InSAR observations and modelling181

We used European Space Agency Sentinel-1 synthetic aperture radar interferograms and elas-182

tic dislocation modelling to characterize faulting in the 2017 Arıcılar and 2019 Acıpayam and183

Bozkurt earthquakes. For each event we used GAMMA software to construct short (6 or 12 day)184

coseismic interferograms on ascending track 58A and descending track 138D, choosing in each185

case the earliest available post-event scene in order to minimize the contribution from postseismic186

deformation. For the Arıcılar earthquake, we added a third interferogram from ascending track187

131A; no Sentinel-1 scenes were captured between the two earthquakes, and so each interfero-188

gram captures the coseismic deformation of both events. Radar incidence angles are between 31◦
189

and 43◦ at the Arıcılar epicenter and between 36◦ and 38◦ at both the Acıpayam and Bozkurt epi-190

centers.191
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192

To model the interferograms we followed the routine procedures of Wright et al. (2003), which193

have been deployed on several other modern earthquakes across Turkey (Taymaz et al. 2007; El-194

liott et al. 2013; Karasözen et al. 2016, 2018; Pousse-Beltran et al. 2020). We first downsampled195

the unwrapped interferograms using a Quadtree algorithm (Jónsson et al. 2002) and then solved for196

the fault plane parameters that minimize differences between these datapoints and synthetic dis-197

placements calculated for a rectangular fault plane embedded within an elastic half-space (Okada198

1985). For the half-space, we chose Lamé parameters µ = 3.2 × 1010 Pa and Poisson ratio 0.25,199

consistent with the velocity structure obtained and applied elsewhere in this study. We inverted for200

fault strike, dip, rake, uniform slip, center point, length, and top and bottom depths, as well as lin-201

ear N–S and E–W orbital ramps and the zero displacement level, and obtained a global minimum202

misfit by using Powell’s algorithm with multiple Monte Carlo restarts (Press et al. 1992; Clarke203

et al. 1997; Wright et al. 1999). Results are tabulated in Supplementary Table S1. Based on InSAR204

studies of other earthquakes of similar magnitude and depth, we can expect model uncertainties of205

up to ∼5◦ in strike and ∼10◦ in dip and rake for these uniform slip solutions (e.g. Taymaz et al.206

2007; Roustaei et al. 2010; Elliott et al. 2013; Nissen et al. 2019).207

208

Next, we separately solved for the slip distributions on these model faults planes by extending209

them along strike and up- and down-dip, subdividing them into 1 km × 1 km subfaults, and ap-210

plying a Laplacian operator to force realistic slip gradients between neighboring patches (Wright211

et al. 2003). The 1 km subfault dimension was selected in order to help fit InSAR displacements212

close to any potential near-surface slip, but we recognize that for earthquakes of this size, slip213

model spatial resolution at depths of several kilometers is likely to be only ∼2–5 km (e.g. Elliott214

et al. 2015). Results are given in Supplementary Tables S2–S6 and have also been posted to the215

SRCMOD database (Mai & Thingbaijam (2014); see Data Availability).216
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3.2 Teleseismic body waveform modelling217

We used long-period teleseismic body waveform modelling as an independent check on the source218

mechanisms and depths of the Mw 5.6 Acıpayam and Mw 5.9 Bozkurt mainshocks. By accounting219

for direct P and S waves and their surface-reflected depth phases pP, sP and sS, this method can220

resolve centroid depths of large (Mw ≥∼5.5) earthquakes to within ∼3–4 km, a marked improve-221

ment on automated, global catalogs which often fix the depths of upper crustal events a priori222

(Molnar & Lyon-Caen 1989; Taymaz et al. 1990, 1991; Maggi et al. 2002; Wimpenny & Watson223

2021). Uncertainties in strike, dip, and rake are typically estimated as ∼15◦, ∼5◦, and ∼15◦, re-224

spectively.225

226

We followed the procedures outlined by Molnar & Lyon-Caen (1989), in common with several227

other regional earthquake studies (e.g. Taymaz et al. 1991; Kiratzi & Louvari 2003; Benetatos228

et al. 2004; Shaw & Jackson 2010; Yolsal-Çevikbilen et al. 2014; Howell et al. 2017). For both229

events, we first selected waveforms recorded at distances of 30–80◦ — avoiding complications230

from the core — and then filtered them using a 15–100 second bandpass, which allows the earth-231

quakes to be treated as simple point sources. We then used the MT5 version (Zwick et al. 1994) of232

the weighted least squares algorithm of McCaffrey & Abers (1988) and McCaffrey et al. (1991)233

to solve for the minimum misfit strike, dip, rake, centroid depth, seismic moment and source-time234

function of each event. These are found by minimizing residuals between observed P and SH235

waveforms and synthetic seismograms computed using P, pP, sP, S and sS phases of a point souce236

embedded within an elastic half-space. We chose VP as 6.0 km/s, VS as 3.5 km/s, and density237

as 2700 kg/m3, consistent with regional constraints (see Section 3.4). For the observed P and SH238

waveforms, we used 30 second vertical component seismograms and 40 second transverse compo-239

nent seismograms, respectively. The synthetic waveforms were adjusted to match P and S arrival240

times picked from broadband records, and weighted by azimuthal density in the inversion.241
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3.3 Regional waveform modelling242

We used regional waveform modelling to estimate moment tensors for thirty-six earthquakes in the243

2017 Arıcılar and 2019 Acıpayam and Bozkurt sequences. Having larger signal-to-noise than tele-244

seismic waveforms, regional waveforms permitted assessment of far smaller earthquakes, down to245

Mw 3.5 in this study.246

247

We assessed around fifty earthquakes, presenting here only the thirty-six that met strict qual-248

ity criteria and discarding the remainder. For each event, we gathered waveform data recorded249

over the distance range 50–200 km by stations belonging to several regional networks listed250

in the Acknowledgements. In rare instances, where a more distant station exhibiting favourable251

signal-to-noise could help fill a pronounced azimuthal gap, stations as far as 300 km were also252

included. The preferred frequency band for the inversion was selected after a careful analysis of253

the signal-to-noise ratio and station epicentral distances, and Green’s functions were estimated for254

our own regional velocity model (Section 3.4) using the discrete wavenumber method of Bouchon255

(1981) and Coutant (1989). We then used the iterative deconvolution inversion method of Kikuchi256

& Kanamori (1991), implemented in the ISOLA software package (Sokos & Zahradnı́k 2008;257

Zahradnı́k & Sokos 2018), to solve for the best point source representation of each earthquake. We258

used the quality and variance reduction criteria detailed in the caption to Supplementary Table S7259

to select the 36 robust solutions (Sokos & Zahradnı́k 2013), and performed additional jack-knife260

tests (removing one station, re-inverting the waveforms, and comparing results) to corroborate the261

stability of each solution. We obtained >90% double-couple solutions for half of the earthquakes262

and majority double-couple solutions for all but one of them, lending further confidence in our263

results. We present here the best double-couple solutions.264

265

Previous regional waveform modelling studies indicate that minimum misfit centroid depths can266

vary according to the station configurations, velocity models, and frequency bands used in the267

inversion (e.g. Zahradnik et al. 2008; Haddad et al. 2020). Accordingly, for a few of the critical,268

larger events analyzed, we repeated the inversion using perturbations to these parameters — in-269
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cluding three alternative regional velocity models (Kalafat et al. 1987; Akyol et al. 2006; Brüstle270

2013) — from which we estimated centroid depth uncertainties of ∼1–2 km. However, the smaller271

events studied here are likely to have greater uncertainties, perhaps up to around 5 km (Herman272

et al. 2014).273

3.4 Calibrated hypocenter relocations274

We used local, regional and teleseismic arrival times to relocate hypocenters of the 2017 Arıcılar275

and 2019 Acıpayam and Bozkurt sequences and earlier instrumental events from across south-276

western Turkey. We selected 659 well-recorded earthquakes for our analysis, collating phase ar-277

rival times from the global International Seismological Centre (ISC) bulletin and from regional278

archives listed in the Acknowledgements. The selected events span from 1958 to August 2019279

inclusive; those prior to the 1990s are all larger than mb 4 while the 2017–2019 sequences include280

events as small as ML 2. Since they cover an area larger than that typically covered in a single281

relocation, we separated the selected events into distinct geographic clusters, relocated each in282

turn, and collated the results (e.g. Karasözen et al. 2019; Pousse-Beltran et al. 2020). Two smaller283

clusters focus on the Acıpayam and Bozkurt sequences, and three larger ones are centered ap-284

proximately upon Çameli in the southern study area, Burdur in the north, and Beyşehir in the east285

(Figure 3a).286

287

Each cluster was relocated using the Hypocentroidal Decomposition (HD) method (Jordan & Sver-288

drup 1981) as implemented in the mloc program (Bergman & Solomon 1990; Walker et al. 2011).289

The HD algorithm divides the relocation procedure into two distinct inverse problems that each290

utilize customized phase arrival time data (e.g. Karasözen et al. 2016, 2018). The first step uses291

arrival times of all phases recorded at all distances to determine cluster vectors that relate the292

locations and origin times of each individual event with respect to the geometrical mean of all293

events, the hypocentroid. The second step uses direct Pg and Sg phases at epicentral distances294

<2◦ — at which biases from unknown velocity structure are minimal — to establish the absolute295

location and origin time of the hypocentroid. The cluster vectors, added to the absolute hypocen-296
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troid, yield the calibrated coordinates of all events (meaning those in which biases from unknown297

earth structure are minimized): latitude, longitude, focal depth, origin time, and their uncertain-298

ties. The HD method can solve for focal depth as a free parameter if all events in the cluster have299

near-distance readings; around one third of the 659 relocated earthquakes were determined in this300

way, (including all of those in the Acıpayam and Bozkurt clusters). For most of the remainder, we301

set the depths manually by minimizing the residuals at close-in stations. For the final 100 events,302

focal depths were fixed to a default value of 10 km for the Çameli cluster and 15 km for the Bur-303

dur and Beyşehir clusters. Experiments on other HD clusters show that changing this default depth304

by<15 km has negligible impact on epicenter accuracy (Ghods et al. 2012; Karasözen et al. 2016).305

306

By analyzing fits to Pg and Sg at the closest stations and Pn and Sn at distances of up to ∼8◦,307

we settled upon a two-layered crustal velocity model with VP 5.7 km/s and VS 3.25 km/s for the308

upper 20 km and VP 6.2 km/s and VS 3.6 km/s from 20 km to the Moho at 40 km. Below the Moho,309

we used velocities from the ak135 1-D Earth model (Kennett et al. 1995). The relocation procedure310

eliminates systematic biases of up to ∼0.5 sec and ∼1.5 sec in Pg and Sg residual travel times,311

respectively, and reduces their root mean square errors from starting values of ∼1–2 sec down to312

∼0.3–0.6 sec. Resulting, calibrated hypocenters are summarized in Supplementary Table S8 and313

we have posted detailed information on each cluster — such as arrival time compilations, sta-314

tion coordinates and calibration raypaths, velocity models, travel time residual plots, focal depth315

histograms, and epicentral uncertainty maps — to the Global Catalog of Calibrated Earthquake316

Locations database (Benz (2021); see Data Availability).317

318

Epicenters have typical uncertainties of ∼1–2 km in latitude and longitude. Focal depth accu-319

racy depends strongly on the availability of close-in stations, meaning those at epicentral distances320

less than ∼1–2 times the focal depth (e.g. Gomberg et al. 1990). In two previous studies of ours in321

neighbouring regions of western Turkey, we estimated these uncertainties at ∼2 km where close-322

in stations are available and ∼5 km where they are not (Karasözen et al. 2016, 2018). This marks323

a significant improvement on the relocated ISC-EHB catalogue, whose focal depth uncertainties324
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have been estimated at ∼10–15 km (Engdahl et al. 2006). However, a comparison between our325

calibrated focal depths and centroid depths from regional waveform modelling reveals the former326

to be on average several kilometers deeper, with respective means of ∼8 km and ∼14 km (Sup-327

plementary Figure S1). This discrepancy holds for individual seismic sequences and is consistent328

across three orders of magnitude (Mw 3–6). It also mimics patterns observed elsewhere in western329

Turkey (Karasözen et al. 2016, 2018; Mutlu 2020) and in similarly well-instrumented regions of330

Alaska (Gaudreau et al. 2019) and Israel (Haddad et al. 2020). Our interpretation is that for most of331

the events analyzed, calibrated relocations provide an upper bound on focal depth while regional332

waveform modelling is better at resolving the shallowest earthquake depths.333

3.5 Regional compilation of well-located earthquake focal mechanisms334

Lastly, we compiled a regional catalogue of well-located earthquake focal mechanisms by com-335

bining our own results with source parameters from the literature. We found a total of 299 earth-336

quake focal mechanisms spanning the interval 1955–August 2019 across the region shown in Fig-337

ure 1b; the full catalogue, with references, is given in Supplementary Table S9. Of the larger events338

(greater than Mw ∼5), fifteen mechanisms were estimated using first motion polarities, thirty-six339

using teleseismic long-period body waveform modelling, and sixty-five were determined by the340

Global Centroid Moment Tensor (GCMT) project. In addition, 183 smaller events (Mw 3–5) were341

calculated using regional waveform modelling or first motions (mostly the former), but these go342

back only as far as 2001, around the time that station coverage across Turkey started to improve343

markedly. Of the 299 focal mechanism events, 241 have hypocenters determined from calibrated344

relocations, either in this study or by Karasözen et al. (2016, 2018). Most of the remainder are345

offshore earthquakes characterized by large azimuthal gaps at regional distances, making their346

precise relocation difficult. For these earthquakes, we choose the best available hypocenter from347

the ISC where possible: in most cases, we took the parameters listed in the relocated ISC-EHB348

catalogue (Engdahl et al. 1998; Weston et al. 2018). The final compilation of earthquakes is plotted349

in Figure 3b and described in Sections 4 and 5.350
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4 RESULTS PART I — THE SOUTHERN ISPARTA ANGLE351

We first consider patterns of seismicity within the region covered by our Çameli cluster, south of352

∼37.25◦ N and extending from the Gökova graben in the west across the Bey mountains in the353

east (Figure 3a). The relocated seismicity is broadly distributed and focal depths range from 7 km354

to 18 km with the greatest concentration at 10–14 km. The available earthquake focal mechanisms355

indicate a prevalence of normal faulting (Figure 3b). Most of those in the Bey mountains — largely356

regional waveform models from Över et al. (2016) — have ∼N–S-oriented nodal planes, consis-357

tent with trends of active normal faults mapped by Glover & Robertson (1998) in and around the358

Aksu basin. Several of the events have strike-slip components but few are dominantly strike-slip,359

and those which are do not have consistent nodal plane orientations.360

361

The greatest concentration of earthquakes in the southern Isparta angle is situated between Fethiye,362

Muğla and Çameli, at the southwestern end of the Fethiye-Burdur trend (Figure 4). Here, the fifteen363

moderate magnitude earthquakes (up to Mw 5.4) with assigned focal mechanisms almost exclu-364

sively involve ESE–WNW-oriented normal faulting. Only one, relatively minor earthquake — a365

Mw 4.5 aftershock within the 2007 sequence south of Çameli — has a predominantly strike-slip366

mechanism, with NE-trending dextral and NW-trending sinistral nodal planes (Över et al. 2010).367

Otherwise, nodal planes match the orientations of an array of discontinuous, ∼ESE-trending faults368

mapped by Elitez & Yaltırak (2014) and coined the Gökova-Yeşilüzümlü Fault Zone by Hall et al.369

(2014) (Figure 4). They ascribed it a sinistral-transtensional slip sense, but the earthquake focal370

mechanisms — whose relocated epicenters lie ∼10–20 km to the north — indicate predominantly371

normal motions. The faults that hosted these earthquakes appear to lack any clear topographic ex-372

pression and can be inferred to be structurally-immature, by which we mean that they have yet to373

accommodate appreciable cumulative slip. This characteristic is exemplified by the 2017 Arıcılar374

earthquake, described in Section 4.1.375

376

The longer and more topographically prominent faults in the area mostly follow northeasterly377

trends (Alçiçek et al. 2006; Alçiçek 2007; Elitez & Yaltırak 2014; Elitez et al. 2017), but the few378
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relocated earthquakes along these structures are too small for robust focal mechanisms and so we379

cannot offer further insight into their kinematics. These NE-trending faults are discussed further380

in Section 6.1.381

4.1 The 24 November 2017 Mw 5.3 Arıcılar earthquake382

This event struck the mountainous region east of Muğla (in the western part of Figure 4), very383

close to the small hamlet of Arıcılar after which we have named it. A Mw 5.1 foreshock struck384

at 20:22 UTC (23:22 local time) on 22 November 2017 and is associated with peak intensities of385

V (KOERI). The Mw 5.3 mainshock occurred at 21:49 UTC on 24 November 2017 (at 00:49 on386

25 November 2017, local time) and was felt at both Muğla and Fethiye according to responses to387

the United States Geological Survey (USGS) “Did You Feel It?” questionnaire. To our best knowl-388

edge, neither earthquake caused significant damage.389

390

All of the available InSAR imagery captures both the foreshock and mainshock. Ascending and391

descending coseismic interferograms each exhibit an E–W-oriented, elliptical fringe pattern with392

peak line-of-sight displacements of ∼11–14 cm (Figure 5, left column). There is an area of pro-393

nounced phase decorrelation centered on the northern side of the deformation ellipse where the394

fringes are most closely spaced. Observed displacements were best reproduced by normal slip on395

a S-dipping model fault that extends from the surface to ∼4 km depth (Figure 5, center and right396

columns; Figure 6; Table 1). We explored but rejected an alternative, N-dipping model geometry397

on the basis that it produced tighter fringes along the south side of the deformation ellipse, rather398

than along the north side as observed (Supplementary Figure S2 and Table S1).399

400

Relocated foreshock and mainshock epicenters suggest that both nucleated near the base of the401

N-dipping slip patch (Figure 6). Their combined seismological moments approximate the InSAR402

model moment, suggesting that both contributed to the observed surface deformation. Model slip403

peaks at ∼30–40 cm at ∼2 km depth, and a few centimeters of model slip reaches the surface over404

a distance of 4 km and close to the zone of InSAR phase decorrelation, suggesting that a small405
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surface rupture may have occurred (Figure 6b). Very shallow coseismic slip is corroborated by our406

regional moment tensor centroid depths of ∼1–2 km (Table 1), which additional depth resolution407

tests confirmed as being robust. Such shallow confinement of rupture has been observed in a few408

other continental earthquakes in the Mediterranean and Middle East regions (Savidge et al. 2019;409

Ritz et al. 2020; Elias et al. 2021).410

411

The causative fault is not evident in the topography and was not known prior to the earthquake412

(Figure 6a). However, it is only a few kilometers along strike from — and only ∼20◦ oblique to413

— the easternmost mapped extent of the SSW-dipping Muğla normal fault, which has a similar414

geological slip vector to that of our InSAR model (Howell et al. 2017). This implies that the 2017415

earthquakes ruptured an eastern continuation of the Muğla fault zone.416

5 RESULTS PART II — THE NORTHERN ISPARTA ANGLE417

We next consider patterns of seismicity north of ∼37.25◦ N in the regions covered by our Beyşehir,418

Burdur, Acıpayam and Bozkurt clusters (Figure 3a). The relocated seismicity is broadly distributed419

with focal depths concentrated in the range 10–19 km. The available earthquake focal mechanisms420

indicate a prevalence of normal faulting with a wide diversity of orientations (Figure 3b). This di-421

versity is especially evident along the northeastern Fethiye-Burdur trend, from Acıpayam basin in422

the southwest to the Akşehir-Afyon graben in the northeast. This area exhibits a mix of NW-, W-423

and SW-trending normal mechanisms.424

425

Regarding the purported FBFZ, several earthquakes with well-constrained focal mechanisms are426

colocated with NE-trending faults and therefore warrant closer scrutiny. These events are concen-427

trated in the Burdur region (Figure 7) and the largest of them, the 12 May 1971 Mw 6.0 Burdur428

earthquake, is assessed separately in Section 5.3. Two earthquakes with relocated hypocenters429

within the Tefenni basin (in the southern part of Figure 7) are of particular interest, since Aksoy &430

Aksarı (2016) mapped several NE-striking sinistral strike-slip faults in this area. The larger of the431

two — a Mw 5.5 earthquake on 30 January 1964 near Karamanlı — has a first motions mechanism432
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consistent with steep, SW-dipping sinistral-normal faulting (Canitez & Üçer 1967) and may have433

ruptured one of a number of NW-striking faults mapped in this area. The smaller of the two — a434

Mw 3.6 event on 21 July 2019 — is colocated with a NE–trending fault, but our regional wave-435

form model indicates predominantly normal motion. ∼20 km west of the Tefenni basin, a Mw 4.6436

earthquake on 4 December 2009 with a normal mechanism (Över et al. 2013b) is relocated to the437

northern end of the NE-trending Çameli fault, described by Elitez & Yaltırak (2016) and Emre438

et al. (2018) as sinistral or sinistral transtensional. This reinforces the competing interpretation of439

Alçiçek et al. (2006) and Özkaptan et al. (2018) that the Çameli fault accommodates normal slip,440

and is also consistent with a recent paleoseismic study that showed predominantly normal motion441

on the nearby, parallel Acıpayam fault (Kürçer et al. 2016).442

443

There are only a very few scattered strike-slip events, most of them located west of the main444

Fethiye-Burdur trend in the Denizli region (Figure 3b and NW corner of Figure 7) and all with445

small to moderate magnitudes. Elsewhere, a mb 5.3 earthquake on 9 September 1971, which we446

relocated to the Korkuteli basin (SE corner of Figure 7), was previously assigned a pure strike-slip447

mechanism (Yılmaztürk & Burton 1999) and has been used as evidence for a left-lateral FBFZ448

(Hall et al. 2009). However, Yılmaztürk & Burton (1999) only modelled ten teleseismic P wave-449

forms and acknowledged large residuals at some of these stations, which is suggestive of large450

uncertainties in the mechanism. Moreover, their centroid depth of 34 km is inconsistent with our451

focal depth of 15 km and with other regional focal depths. For these reasons, we consider this event452

to have questionable source parameters and do not include it in our focal mechanism database.453

5.1 The 20 March 2019 Mw 5.6 Acıpayam earthquake454

This Mw 5.6 earthquake struck the Acıpayam basin (SW corner of Figure 7) on 20 March 2019 at455

06:34 UTC and 09:34 local time. According to the Kandilli Observatory and Earthquake Research456

Institute (KOERI), Modified Mercalli intensities reached VI in the eastern basin, where several ru-457

ral homes were completely destroyed, and V in the town of Acıpayam in the western basin, where458

three people were injured by falling debris. The USGS documents “Did You Feel It?” felt reports459
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as far away as İzmir, ∼240 km west of the epicenter.460

461

InSAR data reveal a NW–SE-oriented elliptical fringe pattern with line-of-sight displacements462

of up to ∼5 cm away from the satellite (Figure 8a, left column). Our elastic dislocation mod-463

elling best reproduced the observed ground deformation with normal slip on a buried, moderately464

(54◦) NE-dipping model fault that projects to the surface within the flat, central Acıpayam basin465

(Figure 8a, center and right columns; Figure 9a; and Table 1). Our relocated hypocenter lies just466

down-dip of the southeastern extent of model slip patch, suggesting that the mainshock rupture467

propagated upwards and unilaterally towards the NW (Figure 9a). An alternative, SW-dipping468

model fault reproduced the data nearly as well, but we consider this geometry unlikely on the469

basis that the relocated hypocenter would be located up-dip of the main slip area (Supplementary470

Figure S3). On our preferred, NE-dipping model fault, slip is restricted to a depth range of ∼4–471

9 km with peak slip of ∼0.3 m at ∼6 km depth (Figure 9b), matching the minimum misfit centroid472

depth from teleseismic body waveform modelling (Figure 10) and only slightly shallower than the473

∼7 km centroid depth estimated using regional waveforms (Table 1). Finally, we note that our474

preferred source parameters are in good agreement with alternative InSAR-derived slip models by475

Yang et al. (2020) and Elliott et al. (2020), with discrepancies of 10◦ or less in strike, dip and rake,476

and near-identical slip depth ranges.477

478

The mainshock was preceded ∼5 hours earlier by a moderate (Mw 3.7) foreshock, located ∼1 km479

to the SE and with a similar normal mechanism (Figure 9a and Supplementary Table S7). An480

abundant aftershock sequence includes 193 earthquakes with sufficient station picks for precise481

relocation, of which twenty-three were sufficiently large (Mw 3.5–5.1) that we could obtain robust482

focal mechanisms and centroid depths. The aftershocks form a diffuse distribution, with several483

colocated with the mainshock slip region but others lying well away from it. Centroid depths484

range from 3–15 km, with the greatest concentration at 4–5 km, but likely uncertainties of up to a485

few kilometers make it difficult to ascertain whether the colocated events lie on, or off (below or486

above), the mainshock fault plane. Southern aftershocks — including a cluster around the southern487
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end of the mainshock slip region — tend to have normal mechanisms similarly oriented to that of488

the mainshock and so might plausibly lie on the same fault plane. Northern aftershocks, on the489

other hand, involve normal faulting with a greater diversity of orientations including a few orthog-490

onal to the main fault plane. The northern aftershocks also include a few oblique slip events and a491

single strike-slip earthquake (a Mw 3.6 event with NE-oriented dextral and NW-oriented sinistral492

nodal planes).493

494

The mainshock fault is highly oblique to the sinistral–normal Acıpayam fault in the southern495

Acıpayam basin (Kürçer et al. 2016; Emre et al. 2018) and somewhat oblique to a number of496

unnamed, N–S-trending normal faults portrayed across the eastern basin by Alçiçek et al. (2006)497

and Elitez & Yaltırak (2016) (Figure 9a). However, the mainshock fault itself was not recognized498

prior to the 2019 earthquake and there are no clear fault scarps visible along its surface projection,499

even with the aid of high-resolution topographic imagery (Elliott et al. 2020). This suggests either500

that shallow extension is accommodated elsewhere — perhaps by distributed deformation — or501

that the fault is structurally immature. The inference of structural immaturity is consistent with502

our observation of diffuse aftershock seismicity, much of it presumably on structures subsidiary to503

the mainshock fault (Powers & Jordan 2010; Pousse-Beltran et al. 2020; Perrin et al. 2021). Some504

of the N–S-oriented aftershocks, including the largest (Mw 5.1) on 31 March 2019, may have oc-505

curred on the faults mapped by Alçiçek et al. (2006) and Elitez & Yaltırak (2016). However, none506

of the aftershocks are colocated with the larger Acıpayam fault and so we cannot provide new507

information on its kinematics.508

5.2 The 8 August 2019 Mw 5.9 Bozkurt earthquake509

This Mw 5.9 earthquake struck near the town of Bozkurt in the western Acıgöl basin (in the north-510

ern part of Figure 7) on 8 August 2019 at 11:25 UTC and 14:25 local time. Peak intensities of511

VI were recorded in and around the town of Bozkurt (KOERI) and ∼23 people were injured and512

more than 100 houses heavily damaged. The earthquake was felt at İzmir, ∼230 km to the west,513

and Konya, ∼250 km to the east (USGS “Did You Feel It?”).514
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515

Radar interferograms exhibit a circular fringe pattern centered on Maymundağ mountain, north516

of Acıgöl basin (Figure 8b, left column). The pattern is clearest in the descending interferogram,517

where peak line-of-sight displacements are ∼4 cm away from the satellite. We replicated the ob-518

served deformation most closely with normal slip on a buried, ∼N- or ∼S-dipping model fault. We519

favour the N-dipping model (Figure 9c, center and right columns) since its parameters are in much520

closer agreement with our teleseismic body waveform focal mechanism (Figure 11; Table 1). For521

reference, the alternative S-dipping model is plotted in Supplementary Figure S4. Though the In-522

SAR model strike is poorly resolved due to the circular deformation pattern, our minimum misfit523

value of 270◦ lies centrally within the range of seismological estimates (254◦–289◦). Our relocated524

hypocenter lies at the western edge of the modelled fault slip, suggesting unilateral, eastward rup-525

ture. Model fault slip occurs at depths of ∼6–10 km with peak slip of ∼0.6 m at ∼8.5 km (Fig-526

ure 9d). Our teleseismic waveform model centroid depth is somewhat deeper at ∼12 km, though527

we find similar waveform misfits across the centroid depth range 9–14 km. Our minimum mis-528

fit centroid depth from regional waveform modelling lies near the shallow end of this range, at529

∼10 km (Table 1).530

531

A Mw 4.1 foreshock and six Mw 3.6–4.0 aftershocks were sufficiently well-recorded for regional532

waveform modelling, and seven smaller aftershocks could also be precisely relocated (Figure 9c).533

The larger events involved predominantly normal faulting mechanisms — mostly oriented ∼E–W534

except for one which was oriented ∼N–S — at centroid depths of 5–11 km. Several of the after-535

shocks are located close to the up-dip edge of the InSAR-derived model slip distribution, though536

the limited depth resolution precludes any firm association or interpretation.537

538

The surface projection of our model fault aligns closely with a mapped, N-facing scarp in the539

southern part of Acıgöl basin, ∼3 km north of the main, rangefront-forming Acıgöl fault (Fig-540

ure 8b). Topographic profiling indicates that the scarp is around 5–10 m high. Its involvement in541

the August 2019 sequence may indicate a basinward migration or reorganization of the Acıgöl542
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fault zone that helps straighten a curved embayment in the southern basin margin. However, only543

the deep portion of this fault ruptured in the 2019 Bozkurt earthquake. We tentatively suggest that544

the S-dipping Maymundağ fault — which bounds the northern margin of the basin and which pre-545

sumably abuts the N-dipping fault at depths of several kilometers — may have formed a structural546

barrier across which slip in the Bozkurt earthquake failed to propagate. This is similar to infer-547

ences made on the depth extents of certain reverse faulting earthquakes (Elliott et al. 2011, 2013;548

Savidge et al. 2019).549

5.3 The 12 May 1971 Mw 6.0 Burdur earthquake revisited550

The destructive 12 May 1971 Mw 6.0 Burdur earthquake caused extensive damage to villages at551

the southern end of Lake Burdur (in the eastern part of Figure 7) and killed 57 people. Teleseismic552

waveform modelling of the mainshock resolved two distinct sub-events separated by 9 seconds,553

each exhibiting a predominantly normal mechanism with moderate dip angle (35–56◦) SW- and554

NE-striking nodal planes and a centroid depth of 12 km (Taymaz & Price 1992). Two early after-555

shocks also have predominantly normal mechanisms, but with steeper (65◦ or 90◦) NW-dipping556

nodal planes consistent with normal faulting downthrown on the NW side (McKenzie 1978; Tay-557

maz & Price 1992). Documentation of primary surface rupturing is inconclusive, but cracks were558

observed along the SE margin of the lake, downthrown 20–30 cm to the NW. Collectively, these559

observations implied to Taymaz & Price (1992) that the NW-dipping Hacılar and Suludere faults560

— which form the clear topographic scarp along the SE margin of Burdur basin — were responsi-561

ble for the 1971 earthquake, with the possible additional involvement of the Pınarbaşı fault in the562

northern Tefenni basin.563

564

Our hypocentral relocations place the Burdur mainshock and largest two aftershocks close to Lake565

Salda, ∼30 km WSW of Lake Burdur (in the central part of Figure 7). Smaller relocated after-566

shocks form a broader distribution between Lake Salda in the WSW and the southern end of Lake567

Burdur in the ENE. The orientation of the aftershock cloud matches the strike of the mainshock568

nodal planes but its length of 30–40 km likely exceeds that of the Mw 6.0 mainshock fault plane569
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based on scaling relations (Wells & Coppersmith 1994). The easternmost aftershocks are therefore570

likely to be situated some distance along strike from the mainshock rupture. Collectively, this sug-571

gests that the Burdur mainshock propagated unilaterally towards the ENE from its epicenter near572

Lake Salda, but that it terminated well short of the Hacılar and Suludere faults that were attributed573

to this earthquake by Taymaz & Price (1992). The heavy damage to villages at the southern end of574

Lake Burdur likely reflects this rupture directivity, while the cracks observed along the SE margin575

of the lake might reflect secondary deformation related to liquefaction or landsliding which was576

also observed in this area.577

578

The Burdur mainshock faulting is therefore confined to the area between Salda and Yarışlı Lakes,579

which exhibits indistinct surface geomorphology and lacks mapped surface faulting. The tight580

clustering of the mainshock and two largest aftershocks coupled with their diversity of nodal plane581

dip angles suggests high structural complexity within the source region. These observations hint582

that the Mw 6.0 Burdur earthquake ruptured an immature fault with low cumulative slip, much583

like the 2017 Mw 5.3 Arıcılar, 2019 Mw 5.6 Acıpayam and Mw 5.9 Bozkurt earthquakes analyzed584

previously.585

6 DISCUSSION586

6.1 Kinematics of the deformation587

The results outlined in Sections 4–5 enable a critical assessment of GNSS-derived kinematic mod-588

els of regional deformation. We focus especially on those of Tiryakioğlu et al. (2013) and Howell589

et al. (2017), since they are based on the densest, published GNSS velocity fields (Figure 2).590

591

Near Fethiye at the southwestern end of the Fethiye-Burdur trend, the predominance of ESE-592

trending normal faulting earthquake focal mechanisms contradicts GNSS-derived block mod-593

els which show NE-trending sinistral (Tiryakioğlu et al. 2013) or even sinistral-transpressional594

(Reilinger et al. 2006) motions through this area. Instead, the focal mechanisms are in very good595

agreement with the GNSS strain rate field of Howell et al. (2017) which indicates NNE-SSW ori-596
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ented extension. This calls into question the relative activity of the NE-trending faults, which are597

much clearer in the geomorphology, exhibit abundant normal and normal-sinistral slickensides on598

exposed fault planes (Alçiçek et al. 2006; Elitez & Yaltırak 2014; Howell et al. 2017; Özkaptan599

et al. 2018; Tosun et al. 2021), but appear poorly oriented with respect to the modern strain rate600

field for continued extension. The most prominent cluster of ESE–WNW-oriented normal faulting601

earthquakes — the 2007 sequence southwest of Çameli — even appears to cross-cut nearby NE-602

trending faults bounding the southern Çameli basin (Figure 4).603

604

We can think of two possible ways to reconcile these observations. Firstly, counterclockwise ver-605

tical axis rotations may have acted to reorient the older faults, which are of Late Miocene age606

(Alçiçek et al. 2006; Elitez & Yaltırak 2016), into their current, kinematically-unfavourable posi-607

tions. However, current counterclockwise rotation rates in this region are only ∼2–3◦/Myr (Howell608

et al. (2017); Figure 2d) and paleomagnetic data indicate cumulative counterclockwise rotations609

of ∼11–15◦ since the Late Miocene (Kaymakcı et al. 2018). This is clearly insufficient to ac-610

count fully for the roughly ∼60◦ difference in strike between the instrumental earthquake nodal611

planes and the largest faults. A second possibility is that there has been a recent change in the re-612

gional strain field, from NW–SE-directed extension to NNE–SSW extension. Fault kinematic and613

tectonostratigraphic data from the Çameli basin support such a change and constrain its timing614

to the late Quaternary (Alçiçek et al. 2006), and similar patterns are observed in the Eşen-Çay615

basin (ten Veen 2004; Över et al. 2013a). We speculate that the switch might be related to east-616

ward propagation of the Gökova graben into the area (Tur et al. 2015) and/or to lateral gradients in617

gravitational potential energy introduced by rapid subsidence of the Rhodes basin since the middle618

Pliocene (Woodside et al. 2000; Hall et al. 2009) (Figure 1b).619

620

In the Lake District along the northeastern Fethiye-Burdur trend, there is likewise no evidence621

from earthquake focal mechanisms for through-going strike-slip faulting as depicted in GNSS622

elastic block models (Reilinger et al. 2006; Tiryakioğlu et al. 2013). Instead, the mix of NW-,623

W- and SW-trending normal faulting mechanisms is broadly consistent with the smoothed GNSS624
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strain rate field of Howell et al. (2017), which shows radial divergence in this area (Figure 2d).625

We consider it likely that the orthogonal normal faulting is partly responsible for the numerous626

lacustrine basins. We next consider the forces responsible for this unusual pattern of strain.627

628

6.2 Dynamics of the deformation629

Data from multiple sources indicate radial horizontal extension along the northeastern Fethiye-630

Burdur trend. We now discuss why this radial extension might occur. Processes that are thought to631

drive deformation in the Aegean and Anatolia include: (1) slab rollback in the Hellenic and Cyprus632

subduction zones, possibly associated with one or more tears in the down-going Nubian plate; (2)633

the Nubia-Arabia-Eurasia collision; and (3) contrasts in gravitational potential energy (GPE) be-634

tween the eastern Mediterranean sea floor and the continental lithosphere of Greece and Turkey.635

Of this, it is unclear how much (if at all) subduction rollback or the Arabian-Eurasia collision in-636

fluence observed present-day strains in SW Turkey, or whether a possible tear in the Nubian plate637

beneath the Fethiye-Burdur trend contributes to surface deformation. By contrast, it is almost cer-638

tain that contrasts in GPE contribute significantly to surface deformation in southwestern Turkey,639

given the ∼4–6 km differences in elevation between the deep Rhodes and Antalya basins and640

the Bey mountains between Fethiye and Antalya. We now consider deformation in southwestern641

Turkey in the light of previously published models of GPE contrasts.642

643

Özeren & Holt (2010) calculated the deviatoric stress field expected from GPE contrasts alone644

(without applying any compressional boundary condition). The regime in their model aligns very645

well with our smoothed strain-rate field in Figure 2d — although we note that the modelled stress646

field exhibits a strong dependence on modelled crustal thickness. Their model predicts a localized647

area of radial extensional stresses around Burdur, apparently caused by the superposed effects of648

two lateral gradients in GPE: (1) a NE–SW gradient between Burdur and the Rhodes Basin; and649

(2) a NW–SE gradient between Burdur and the Antalya basin. Both west and east of Burdur, the650

stress field predicts more uniaxial horizontal extension associated with each GPE gradient; ra-651
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dial horizontal extension is only expected in the region equidistant from the Rhodes and Antalya652

basins. Lateral variations in GPE are therefore sufficient to explain the large-scale pattern of sur-653

face deformation in southwestern Turkey, although it is hard to rule out contributions from other654

dynamic processes.655

7 CONCLUSIONS656

Our refined and expanded earthquake catalog for southwestern Turkey reveals no evidence for NE-657

trending, active strike-slip faults along the Fethiye-Burdur trend, as has previously been posited.658

Instead, the western limb of the Isparta angle is characterized by shallow normal faulting earth-659

quakes, with a diversity of orientations in the north (across Turkey’s Lake District), mostly N–S660

nodal planes in the east (in the Bey mountains), and ESE–WNW nodal planes in the southwest661

(near Fethiye and Çameli). In each case, fault orientations are consistent with the principal axes of662

the horizontal strain rate tensor calculated from regional GNSS velocities (Howell et al. 2017). We663

suggest that these kinematics are driven principally by lateral gradients in gravitational potential664

energy between the high Anatolian plateau and the deep Rhodes and Antalya basins.665

666

Three earthquake sequences associated with clear InSAR signals provide additional information667

on how active faulting is manifest in the topography. The 2017 Mw 5.3 Arıcılar earthquake was668

unusually shallow, with slip confined to above ∼4 km depth; we do not know whether it ruptured669

to the surface. Its causative fault lies a few kilometers along strike of the mapped Muğla fault670

zone but appears indistinct in the topography. The 2019 Mw 5.6 Acıpayam earthquake involved671

buried slip at ∼4–9 km depth on a previously unrecognized fault with no discernible geomorphic672

expression. The 2019 Mw 5.9 Bozkurt earthquake was buried even deeper at ∼6–10 km, and its673

fault plane aligns with subtle (5–10 m-high) surface scarps that had previously been mapped. All674

three of these earthquakes can therefore be inferred to have ruptured structurally-immature (low675

cumulative slip) faults. Our relocation of the destructive 1971 Mw 6.0 Burdur earthquake and its676

aftershocks hints that this sequence also ruptured a structurally-immature fault zone with an indis-677

tinct expression in the topography. While the largest instrumental events along the Fethiye-Burdur678
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trend — the 1914 Burdur (MS 7.0), 1995 Dinar (Mw 6.5) and 2002 Çay (Mw 6.4) earthquakes —679

ruptured structurally-mature normal faults with clear surface expressions, our observations raise680

the spectre that damaging earthquakes of up to at least Mw 6 are also possible on faults that would681

prove difficult to identify beforehand.682
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(https://doi.org/10.7914/SN/HT), the Disaster And Emergency Management Authority (1990) of706

Turkey (https://doi.org/10.7914/SN/TU), the Technological Educational Institute Of Crete (2006)707

(https://doi.org/10.7914/SN/HC), the Kandilli Observatory and Earthquake Research Institute, Boğaziçi708

University (1971) (https://doi.org/10.7914/SN/KO), and the National Observatory Of Athens, In-709

stitute Of Geodynamics (1997) (https://doi.org/10.7914/SN/HL). Arrival times were gathered from710

the Disaster And Emergency Management Authority (1990) of Turkey, the Kandilli Observa-711

tory and Earthquake Research Institute, Boğaziçi University (1971), the National Observatory712

Of Athens, Institute Of Geodynamics (1997), and the International Seismological Centre (ISC)713

Bulletin (https://doi.org/10.31905/D808B830).714

715

Our full, calibrated relocation results are available through the Global Catalog of Calibrated Earth-716

quake Locations (GCCEL) database (https://doi.org/10.5066/P95R8K8G) (Benz 2021). Additional717

location parameters were taken from the ISC’s relocated ISC-EHB dataset (https://doi.org/10.31905/PY08W6S3)718

and their ISC-GEM Earthquake Catalogue (https://doi.org/10.31905/d808b825). We used focal719

mechanisms from the Global Centroid Moment Tensor project (https://www.globalcmt.org/); from720

the U.S. Geological Survey’s Comprehensive Earthquake Catalog (https://earthquake.usgs.gov/data/comcat/);721

and from the GEOFON Data Centre (1993) of the GFZ German Research Centre for Geosciences722

(https://geofon.gfz-potsdam.de/) which are based on data from the GEOFON Extended Virtual723

Network (GEVN) partner networks. Complete references for these earthquake parametric data724

sources are given in Supplementary Table S9.725

726

The ISOLA software can be downloaded from http://seismo.geology.upatras.gr/isola/ and mloc727

source code from https://seismo.com/mloc/source-code/. Other codes used in the paper will be728

shared upon reasonable request to the corresponding author. All figures in this paper were plotted729

using Generic Mapping Tools (Wessel et al. 2013).730
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Table 1. Source parameters of the 2017 Arıcılar foreshock and mainshock
and the 2019 Acıpayam and Bozkurt mainshocks from catalogues (GCMT
= Global Centroid Moment Tensor project; USGS = United States Geo-
logical Survey ANSS Comprehensive Earthquake Catalog (ComCat); RMT
= Regional Moment Tensor solution), other published studies, and from
our own modelling. The listed origin times are those yielded by calibrated
earthquake relocations. Location refers to the latitude and longitude of the
GCMT and GEOFON centroids, the USGS epicenter, the relocated epicen-
ter for our seismological solutions, and the peak slip patch our InSAR so-
lutions (surface projection coordinates of our InSAR model fault planes are
listed separately in Supplementary Table S1). Depth refers to the centroid
depth for all of the seismological solutions, and the depth of peak slip for
our InSAR solutions.

Event Source Location Strike Dip Rake Depth Moment (Nm) Mw

Arıcılar GCMT 37.04◦, 28.47◦ 130◦ 57◦ −65◦ 12 km 5.48 × 1016 5.1
2017-11-22 USGS W-phase 37.051◦, 28.643◦ 82◦ 32◦ −130◦ 11.5 km 5.04 × 1016 5.1
20:22:52 GEOFON 37.05◦, 28.64◦ 120◦ 38◦ −75◦ 10 km – 5.0

This study (regional waveforms) 37.1125◦, 28.5984◦ 91◦ 34◦ −128◦ 2 km 4.00 × 1016 5.0

Arıcılar GCMT 37.03◦, 28.60◦ 105◦ 49◦ −82◦ 12 km 9.73 × 1016 5.3
2017-11-24 USGS W-phase 37.085◦, 28.622◦ 106◦ 43◦ −85◦ 11.5 km 8.24 × 1016 5.2
21:49:15 USGS RMT 37.085◦, 28.622◦ 110◦ 46◦ −80◦ 3 km 5.61 × 1016 5.1

GEOFON 37.00◦, 28.57◦ 112◦ 41◦ −76◦ 10 km – 5.3
This study (InSAR) 37.1212◦, 28.6127◦ 92◦ 45◦ −88◦ 1.8 km 1.47 × 1017 5.4

This study (regional waveforms) 37.1009◦, 28.6146◦ 87◦ 21◦ −140◦ 1 km 9.99 × 1016 5.3

Acıpayam GCMT 37.37◦, 29.38◦ 321◦ 42◦ −87◦ 12 km 4.04 × 1017 5.7
2019-03-20 USGS W-phase 37.408◦, 29.531◦ 326◦ 50◦ −87◦ 17.5 km 4.57 × 1017 5.7
06:34:27 USGS body wave 37.408◦, 29.531◦ 320◦ 50◦ −88◦ 6 km 2.48 × 1017 5.5

USGS RMT 37.408◦, 29.531◦ 314◦ 47◦ −80◦ 12 km 4.62 × 1017 5.7
GEOFON 37.46◦, 29.48◦ 310◦ 45◦ −99◦ 16 km – 5.7

Yang et al. (2020) (InSAR) 37.43◦, 29.38◦ 332◦ 44◦ −76◦ 6 km – 5.7
Elliott et al. (2020) (InSAR) 37.444◦, 29.426◦ 336◦ 58◦ −70◦ 6.1 km 3.12 × 1017 5.6

This study (InSAR) 37.4595◦, 29.4152◦ 326◦ 54◦ −80◦ 6.1 km 3.09 × 1017 5.6
This study (teleseismic body waveforms) 37.4331◦, 29.4570◦ 328◦ 44◦ −88◦ 6 km 2.44 × 1017 5.5

This study (regional waveforms) 37.4331◦, 29.4570◦ 324◦ 43◦ −76◦ 7 km 3.49 × 1017 5.6

Bozkurt GCMT 37.81◦, 29.68◦ 275◦ 35◦ −94◦ 14.7 km 8.27 × 1017 5.9
2019-08-08 USGS W-phase 37.935◦, 29.700◦ 289◦ 38◦ −80◦ 15.5 km 7.59 × 1017 5.9
11:25:29 USGS body wave 37.935◦, 29.700◦ 286◦ 36◦ −80◦ 9 km 5.81 × 1017 5.8

USGS RMT 37.935◦, 29.700◦ 277◦ 34◦ −82◦ 10 km 5.45 × 1017 5.8
GEOFON 37.91◦, 29.75◦ 279◦ 33◦ −95◦ 16 km – 5.9

This study (InSAR) 37.8750◦, 29.6962◦ 270◦ 32◦ −96◦ 8.5 km 9.14 × 1017 5.9
This study (teleseismic body waveforms) 37.8821◦, 29.6408◦ 254◦ 35◦ −95◦ 12 km 4.46 × 1017 5.7

This study (regional waveforms) 37.8821◦, 29.6408◦ 283◦ 38◦ −84◦ 10 km 6.43 × 1017 5.8
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Figure 1. (a) Regional tectonic setting. Black lines denote major plate boundary faults, and thick black

arrows show representative motions of the Anatolia, Nubia and Arabia plates with respect to Eurasia

(Reilinger et al. 2006). The Isparta angle is shaded in blue and the generalized trend of the purported

Fethiye-Burdur Fault Zone (FBFZ) is marked by a dashed line. (b) Major tectonic structures and mapped

active faults across southwestern Turkey, from the national active fault database of Emre et al. (2018). Tec-

tonic features discussed in Section 2 are labelled as follows: the Gulf of Fethiye (F), Eşen-Çay basin (E),

Çameli basin (C), Gölhisar basin (G), Teffeni basin (T), Burdur basin (B), Acıgöl basin (A), Baklan basin

(Ba), Acıpayam fault (AF), Hacılar fault (HF) and the Dinar fault (DF). Red stars show epicenters of the

2017 Arıcılar and 2019 Acıpayam and Bozkurt earthquakes, and black focal mechanisms are for the earlier

instrumental earthquakes discussed in Section 2. Yellow squares show major cities along the Fethiye-Burdur

trend.
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Figure 2. GNSS velocities and derived tectonic models for southwestern Turkey (figure adapted from How-

ell et al. (2017)). Yellow squares are the cities of Fethiye and Burdur and the topography is as in Figure 1.

(a) GNSS velocities and 2σ uncertainties, showing data from Nocquet (2012) and Tiryakioğlu et al. (2013)

placed into the same fixed Eurasia reference frame (see Howell et al. (2017) for details). (b) GNSS ve-

locities with respect to stable Anatolia. Red vectors show stations with large uncertainties or suspected

non-tectonic displacement that were excluded from Howell et al.’s (2017) analysis. (c) GNSS-derived block

model boundaries and slip-rates (in mm yr−1) from Tiryakioğlu et al. (2013). Thick black arrows show

generalized block motions with respect to Anatolia. (d) GNSS-derived strain rate field from Howell et al.

(2017). Colours indicate vertical axis rotation rates; bars indicate principal axes of the horizontal strain rate

tensor, with extension in black and contraction in white; and black circles show GNSS datapoints used in

the analysis.
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Figure 3. (a) Earthquake epicenters relocated in this study, scaled by magnitude and coloured by cluster.

Magnitudes are those listed by the International Seismological Centre, mostly mb. Active faults are from

the national database of Emre et al. (2018) and topography is as in Figure 1. (b) Relocated earthquake focal

mechanisms (beach balls) and epicenters (circles) coloured by year of occurrence and scaled by magnitude

(epicenters as in (a), and focal mechanisms scaled separately by Mw). We only plot earthquakes whose

best available focal or centroid depths are ≤35 km, which excludes a few deeper events, in particular in

Antalya Bay. Note that the thrust and strike-slip earthquakes in the Rhodes basin, including four early

instrumental events with poorly-constrained depths, are interpreted to have ruptured subducting Nubian

rather than overriding Anatolian lithosphere (McKenzie 1972; Howell et al. 2017). Relocated earthquakes

in the Simav and Gökova graben are from Karasözen et al. (2016, 2018); earthquakes lacking relocated

epicenters (in the Gediz and Büyük Menderes graben and the Rhodes basin) are marked with shadows.
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Figure 4. Relocated earthquake focal mechanisms and epicenters in the region north of Fethiye (at the

southwestern end of the Fethiye-Burdur trend), coloured by year of occurrence and scaled by magnitude

as in Figure 3b. Topography is as in Figure 1. Solid lines show the national active fault database of Emre

et al. (2018); dashed lines are additional faults from Alçiçek et al. (2006), Alçiçek (2007), Elitez & Yaltırak

(2014), and Elitez et al. (2017).
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Figure 5. (a) Data (left column), model (center) and residual (right) interferograms for the 22–24 November

2017 Mw 5.1 and 5.3 Arıcılar earthquakes on ascending track 58A (upper row), ascending track 131A

(middle row), and descending track 138D (lower row). Coordinates are UTM Zone 35 kilometers and the

InSAR imagery is plotted over artificially-shaded topography. LOS is the satellite line-of-sight, i is the off-

nadir incidence angle in the region of interest, and 2π radians in phase change is equivalent to 2.77 cm of

deformation relative to the satellite. In the model panels, the contours show 8 cm slip increments on the

buried model fault plane and the thick black line shows its surface projection.
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Figure 6. Relocated focal mechanisms of the 22 November 2017 Arıcılar Mw 5.1 foreshock (red) and the

24 November 2017Mw 5.3 mainshock (blue). Contours show 8 cm slip increments on the buried model fault

plane and the thick black line shows its surface projection. Other active faults are from Emre et al. (2018)

and topography is as in Figure 1. (b) InSAR model slip distribution of the Arıcılar earthquake (tabulated in

Supplementary Table S2). Relocated epicenters of the 22 November foreshock (red star) and 24 November

mainshock (blue star) are shown projected vertically onto the InSAR model fault plane.



44 E. Nissen et al.

37.5˚

29.5˚ 30.5˚30˚

38˚

Acıgöl
basin

Burdur
basin

SL

Baklan basin

Acıpayam basin

Acıp
ay

am
 F.

Hacılar F.

Pınarb
aşı F

.

Su
lu

de
re

 F.

Ka
ra

ke
nt

 F.

Kubur F
.

Gökçebağ F.

Çam
eli F

.

Acıgöl F.

Dinar F.
Acıgöl F.

Honaz F.

Kaklık F.

Pamukkale F.
Maymundağ F.

YL

Tefenni basin

Korkuteli
basin

1960 1980

Year of earthquake

2000

Magnitude

3 4 5 6

� � � � � � � �� � � �� �

� � � � � � � �� � � �� �

Figure 7. Relocated earthquake focal mechanisms and epicenters in the region west of Burdur (along the

northeastern Fethiye-Burdur trend), coloured by year of occurrence and scaled by magnitude as in Figure 3b.

Topography is as in Figure 1. Solid lines show the national active fault database of Emre et al. (2018); dashed

lines mark a few additional faults from Taymaz & Price (1992), Alçiçek et al. (2006), Alçiçek et al. (2013),

Aksoy & Aksarı (2016) and Elitez & Yaltırak (2016). For the 12 May 1971Mw 6.0 Burdur mainshock, only

the first sub-event is shown; the second has a similar mechanism but its relative location is unconstrained

(Taymaz & Price 1992). SL = Salda Lake and YL = Yarışlı Lake.
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Figure 8. (a) Data (left column), model (center) and residual (right) interferograms for the 20 March 2019

Mw 5.6 Acıpayam earthquake on ascending track 58A (upper row) and descending track 138D (lower row).

Coordinates are UTM Zone 35 kilometers and the InSAR imagery is plotted over artificially-shaded topog-

raphy. LOS is the satellite line-of-sight, i is the off-nadir incidence angle in the region of interest, and 2π

radians in phase change is equivalent to 2.77 cm of deformation relative to the satellite. In the model panels,

the contours show 8 cm slip increments on the buried model fault plane and the thick black line shows

its surface projection. (b) Data, model and residual interferograms for the 8 August 2019 Mw 5.9 Bozkurt

earthquake. The layout is the same as in (a), except that the slip contours in the model interferograms are at

12 cm increments.
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Figure 9. (a) Relocated earthquake focal mechanisms and epicenters of the March–April 2019 Acıpayam

sequence. Events are coloured by date, with those occurring before the largest (Mw 5.1) aftershock in shades

of red and those after it in shades of blue. Contours show 8 cm slip increments on the buried, InSAR model

fault plane and the thick black line shows its surface projection. Thinner solid lines are active faults from

Emre et al. (2018) and dashed lines are additional faults from Alçiçek et al. (2006) and Elitez & Yaltırak

(2016). (b) InSAR model slip distribution of the 20 March 2019 Mw 5.6 Acıpayam mainshock (tabulated

in Supplementary Table S3). (c) Relocated earthquake focal mechanisms and epicenters of the August 2019

Bozkurt sequence, coloured by date. The layout is the same as in (a), except that contours show 12 cm

model slip increments. (d) InSAR model slip distribution of the 8 August 2019 Mw 5.9 Bozkurt mainshock

(tabulated in Supplementary Table S5).
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20 March 2019 Acıpayam mainshock
Strike 328o | Dip 44o | Rake −88o

Centroid depth 6 km | M0 2.44 x 1017 Nm
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Figure 10. Long period teleseismic body waveform model of the 20 March 2019 Acıpayam mainshock.

The upper part of each panel shows the P focal sphere and vertical component seismograms, the lower

part shows the SH focal sphere and transverse component seismograms, and the source-time function and

a waveform time scalebar are shown on the left. On each focal sphere, we plot nodal planes (lines), station

positions (capital letters), and P and T axes (solid and open circles). Outside the focal sphere, we plot

observed (solid) and synthetic (dashed) seismograms, with station codes and focal sphere station position

letters to the left of each. Stations with asterisks are considered too noisy to be included in the inversion,

but are shown for reference. Vertical ticks mark the P or SH arrival time and the inversion window end.
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8 August 2019 Bozkurt mainshock
Strike 254o | Dip 35o | Rake −95o

Centroid depth 12 km | M0 4.46 x 1017 Nm

Figure 11. Long period teleseismic body waveform model of the 8 August 2019 Bozkurt mainshock. The

layout is as in Figure 10.
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