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Abstract16

The 2020 Mw 6.8 Elazığ earthquake was the largest along the Eastern Anatolian Fault17

(EAF) in over a century and so provides valuable insights into its rupture behavior. Be-18

cause the EAF is of low-to-intermediate structural maturity, this earthquake could also19

help refine the controls of cumulative fault offset on characteristics such as rupture ve-20

locity, shallow slip deficits, and afterslip. We use satellite geodesy and seismology to de-21

tail the mainshock rupture, postseismic deformation and aftershocks, and relations to22

previous earthquakes. The mainshock propagated bilaterally at ∼2 km/s from a nucle-23

ation point on an abrupt ∼10◦ fault bend. Only one end of the rupture corresponds to24

an established EAF segment boundary, and the earthquake may have propagated into25

the slip zone of the 1874 M ∼7.1 Gölcuk Gölu earthquake. It exhibits a pronounced (∼80%)26

shallow slip deficit, only a small proportion of which is recovered by early aseismic af-27

terslip.28

1 Introduction29

The left-lateral East Anatolian Fault (EAF) in southeastern Turkey forms the ac-30

tive plate boundary between Arabia and Anatolia (Figure 1a, b). Striking ∼WSW be-31

tween the Karlıova triple junction at ∼41◦ E and the Dead Sea Transform at ∼36◦ E32

— a total distance of ∼500 km — the EAF encompasses several releasing and restrain-33

ing bends, stepovers, and oblique splay faults (Arpat & Şaroğlu, 1972; Bozkurt, 2001).34

The segmentation of the EAF is likely influenced by its obliquity to E–W structures of35

the SE Anatolia Thrust Zone, part of the Bitlis-Zagros suture zone (Şengör & Yilmaz,36

1981; Yılmaz, 1993). Together with the conjugate, right-lateral North Anatolian Fault37

(NAF), the EAF accommodates westward extrusion of Anatolia from the Arabia-Eurasia38

collision zone (McKenzie, 1972; Jackson & McKenzie, 1984). Both faults are associated39

with numerous destructive historical earthquakes (Ambraseys & Jackson, 1998), but whereas40

the NAF has hosted a dozen Mw ≥ 6.7 ruptures during the past century (Stein et al.,41

1997; Tibi et al., 2001), the EAF is characterized by a notable scarcity of large instru-42

mental events. This has hampered our understanding of its kinematics, structural char-43

acteristics and rupture behavior.44

The January 24 2020 Mw 6.8 Elazığ earthquake struck at 17:55 UTC (20:55 local45

time) and caused extensive damage across the southern Elazığ and Malatya provinces,46

killing ∼41 people and injuring ∼1,600 others. It was the largest earthquake on the EAF47
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in more than a century, motivating a detailed examination of its rupture characteristics.48

Nucleating close to Lake Hazar, a contested segment boundary along the central EAF49

(Figure 1c), the Elazığ earthquake can potentially help resolve uncertainties in local fault50

structure and its controls on rupture propagation (Barka & Kadinsky-Cade, 1988; Ak-51

soy et al., 2007; Garcia Moreno et al., 2011; Duman & Emre, 2013). Furthermore, since52

the 2020 earthquake lies between large historical earthquakes in 1874 and 1875 (to the53

NE) and 1893 and 1905 (to the SW) (Ambraseys (1989); Figure 1b), it could help in-54

form broader controversies over continued application of the characteristic earthquake55

and seismic gap models (Parsons & Geist, 2009; Kagan et al., 2012; Mulargia et al., 2017).56

Finally, since the central EAF is well-characterized as of low-to-intermediate structural57

maturity — with a slip-rate of ∼11 mm/yr (Cetin et al., 2003; Walters et al., 2014; Ak-58

tug et al., 2016) and cumulative geomorphological or geological offsets of ∼9–26 km (Duman59

& Emre, 2013) — the 2020 earthquake could help refine relations between fault struc-60

tural maturity and characteristics such as rupture velocity, off-fault deformation, shal-61

low slip deficits, and afterslip (e.g., Dolan & Haravitch, 2014; Socquet et al., 2019; Li et62

al., 2020).63

The main goal of this paper is to characterize the Elazığ mainshock faulting and64

its early aftershock activity and postseismic deformation. We do so by synthesizing geode-65

tic and seismological data and techniques including Interferometric Synthetic Aperture66

Radar (InSAR) imagery and elastic dislocation models, teleseismic back-projections, re-67

gional moment tensor (RMT) analyses, and calibrated hypocentral relocations. We also68

discuss relations between the 2020 earthquake and proposed segment boundaries mod-69

els for the central EAF, historical earthquake ruptures, and background instrumental70

seismicity. Finally, we consider the Elazığ earthquake in the context of controls of fault71

structural maturity on rupture behavior.72

2 Methods73

2.1 Satellite geodesy74

We investigated coseismic and postseismic deformation in the 2020 Elazığ earth-75

quake using European Space Agency (ESA) Sentinel-1 interferograms on ascending tracks76

43A and 116A and descending tracks 21D and 123D (for dates, see Supplementary Ta-77

ble S1). We estimated the mainshock fault geometry and slip distribution using a well-78
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established elastic dislocation modeling approach (e.g., Wright et al., 1999; Elliott et al.,79

2012). After downsampling the unwrapped interferograms with a Quadtree algorithm80

(Jónsson et al., 2002), we used Powell’s algorithm with multiple Monte Carlo restarts81

(Press et al., 1992; Clarke et al., 1997) to solve for the minimum misfit source param-82

eters of a rectangular fault plane embedded within an elastic half-space (Okada, 1985),83

together with E–W and N–S orbital ramps and the zero displacement level. Details of84

the elastic parameters are given in Supplementary Text S1. Ascending and descending85

data were given equal weighting in the inversion, but track 21D was weighted one third86

relative to 123D since it only spans that fraction of the rupture. We then extended and87

subdivided the model fault plane into 3 × 3 km subfaults and solved for the slip and rake88

distribution, ensuring realistic gradients by applying a Laplacian smoothing operator (Wright89

et al., 2003).90

Postseismic interferograms revealed shallow afterslip along the rupture trace, but91

the relatively low signal-to-noise ratio precluded us applying the same inversion proce-92

dure as for coseismic slip. Instead, we estimated afterslip at intervals along strike and93

through time from fault-perpendicular displacement profiles. We computed three-dimensional94

displacement components from tracks 43A, 116A, and 123D, and projected them onto95

the 244◦-oriented fault. Assuming that all the deformation is horizontal and fault par-96

allel, we can model the displacement (y) at perpendicular distance (x) from the fault with97

an arctan function to solve for uniform slip U and locking depth D (Savage & Burford,98

1973). Adding a linear term ( R×x ) to account for residual orbital ramps, we obtained99

a function model y = U
π×arctan( xD )+Rx, that we fitted using the least squares Levenberg-100

Marquardt algorithm (Moré, 1978). We used the same elastic half-space parameters as101

for the coseismic modeling (Supplementary Text S1).102

We also investigated horizontal surface deformation using an optical image corre-103

lation (OIC) of pre- and post-earthquake ESA Sentinel-2 images. OIC can detect near-104

fault surface deformation caused by shallow slip in regions where radar interferograms105

often decorrelate, and can thus help refine InSAR slip models (Xu et al., 2016; Scott et106

al., 2019). Unfortunately, the epicentral region was obscured by dense cloud cover af-107

ter the earthquake with the earliest usable post-seismic image collected on February 27108

2020; our results therefore capture both coseismic and five weeks of postseismic defor-109

mation. The pre-event image was acquired on November 9 2019 and was chosen based110

on the similar illumination conditions and the clear view of the study area. Level 1C (or-111
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thorectified) images from ESA with a 10-m resolution (band 8) were correlated using the112

frequency correlator in the COSI-Corr software (Leprince et al., 2007). A multi-scale slid-113

ing correlation window (64 pixels to 32 pixels) was used with a step of 4 pixels, thus the114

resulting map of subpixel horizontal displacements has a 40-m pixel resolution. Noise115

in the displacement maps is reduced by removing outliers and applying a non-local means116

filter, using a 5-pixel by 5-pixel patch size, 21-pixel area, and a noise parameter value117

of 2 and 2.25 (Ayoub et al., 2017).118

2.2 Seismology119

We imaged the mainshock rupture propagation using a phase-weighted relative back120

projection based upon high-frequency P waves recorded across a teleseismic station ar-121

ray (Ishii et al., 2005; F. Tan et al., 2019). After trials with data from a number of re-122

gions, we settled upon an Alaskan array comprising 119 stations with high cross-correlation123

coefficients for the first few seconds of the P wave and at distances of 69–86◦. Theoret-124

ical travel times were calculated linking a grid of nodes across the source region to each125

station (Supplementary Text S1). Waveforms were cleaned with a 0.3–2 Hz band-pass126

filter. Assuming a source depth of 6 km — consistent with our InSAR modeling results127

— we mapped relative energy at 1 s intervals and a 10 s sliding window for the dura-128

tion of the rupture.129

We estimated source mechanisms of fifteen early aftershocks (up to February 17130

2020) by modeling regional waveforms recorded up to 350 km away at stations of the Kandilli131

Observatory and Earthquake Research Institute (KOERI) seismic network (Boğaziçi Uni-132

versity Kandilli Observatory and Earthquake Research Institute, 2001). To ensure good133

azimuthal coverage, at least six stations were used for each event. Seismograms were fil-134

tered between 0.02–0.09 Hz, with the exact frequency band for each event selected af-135

ter analyzing signal-to-noise ratios and station epicentral distances. Green’s functions136

were estimated for the local velocity model (Supplementary Text S1) using the discrete137

wavenumber method of Bouchon (1981) and Bouchon (1981). We solved for the best single-138

or multiple-point source representation of each earthquake using the iterative deconvo-139

lution inversion method (Kikuchi & Kanamori, 1991) implemented in the ISOLA soft-140

ware package (E. N. Sokos & Zahradńık, 2008; E. Sokos & Zahradńık, 2013). Sub-event141

moment tensors were estimated by a least squares minimization of misfits between ob-142
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served and synthetic waveforms, while sub-event positions and relative times were de-143

termined through grid search (Zahradńık et al., 2005).144

Finally, we used local, regional and teleseismic phase arrivals to relocate hypocen-145

ters of the mainshock, 30 early aftershocks (up to February 20 2020), and ∼300 well-recorded146

background events starting in 1971. Data were gathered from regional networks oper-147

ated by AFAD, KOERI and the European-Mediterranean Seismological Centre (EMSC),148

as well as from the International Seismological Centre (ISC) bulletin. Target earthquakes149

were separated into five distinct clusters: the first focused on the 2020 sequence together150

with potential foreshock activity during 2019; a second targeted earlier seismicity along151

the Pürtürge segment of the EAF; and a third, fourth and fifth targeted events on seg-152

ments to the ENE and WSW (Supplementary Figure S1a). Each cluster was relocated153

using the mloc program (Bergman & Solomon, 1990; Walker et al., 2011), which divides154

the relocation procedure into two distinct inverse problems reliant on customized phase155

arrival time data (Jordan & Sverdrup, 1981). Firstly, arrival times of all phases at all156

distances were used to determine ‘cluster vectors’ that relate individual locations and157

origin times to the hypocentroid (the geometrical mean for all events). Secondly, direct158

Pg and Sg phases at epicentral distances of <1◦ are used to establish the absolute lo-159

cation and origin time of the hypocentroid, thus yielding ‘calibrated’ hypocenters (Karasözen160

et al., 2016). Crustal velocity models appropriate to each cluster were determined by an-161

alyzing fits to Pg and Pn at the closest stations and Pn and Sn at regional distances162

(Supplementary Text S1 and Figure S1b).163

3 Results164

3.1 Background seismicity and foreshock activity165

Full calibrated earthquake relocation results are plotted in Supplementary Figure S1166

and listed in Tables S2–S6. A large number of events are relocated to on or adjacent to167

the Pürtürge segment of the EAF, including eight of Mw 4.9–5.7 which are sufficiently168

well-recorded as to be ascribed teleseismic focal mechanisms (Figures 1b–c, Figure 2a).169

Four of these moderate earthquakes have predominantly strike-slip mechanisms and form170

a linear trend ∼5 km north of the main fault surface trace. This distance exceeds the171

relocation uncertainties, hinting at a previously unrecognized northern strand of the Pürtürge172

segment of the EAF. We also observe one moderate and several smaller earthquakes south173
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of the town of Sivrice, consistent with a minor, southern splay fault in this area as sug-174

gested by Bulut et al. (2012).175

The most recent of the focal mechanism earthquakes — on April 4 2019 (Mw 5.3)176

and December 27 2019 (Mw 4.9) — are each located within ∼5 km of the 2020 Elazığ177

mainshock epicenter, and so we classify them as foreshocks (Figure 2a,b). Calibrated fo-178

cal depths along the Pürtürge segment range from 4–18 km with a peak at 10–13 km,179

in close agreement with our results from elsewhere along the EAF (Supplementary Fig-180

ure S1c) as well as with previous regional studies (O. Tan et al., 2011; Bulut et al., 2012).181

These seismogenic layer thicknesses are also consistent with a central EAF locking depth182

of ∼15 km inferred from satellite geodesy (Walters et al., 2014; Aktug et al., 2016).183

3.2 Mainshock coseismic faulting184

Coseismic interferograms exhibit a clear surface deformation signal along the Pürtürge185

segment of the EAF (Figure 3a). Inverting the downsampled data for uniform slip on186

a single rectangular fault plane reproduced the broad-scale fringe pattern but left promi-187

nent residual fringes at the fault tips, especially at the western end in track 123D (Sup-188

plementary Figure S2 and Table S7). Solving for two rectangular faults with locations189

fixed to the mapped trace of the EAF left similarly large residuals at the western end190

of track 123D (Supplementary Figure S3). However, solving for slip on two rectangular191

faults with free locations improved the fit in these areas, and so we used this solution192

as the basis for our distributed slip models (Supplementary Figure S4 and Table S8). The193

resulting distributed slip, uniform rake model gave rise to root mean square errors of ∼0.44 cm194

in line-of-sight displacement (Figure 3, Figure S5). Variable rake inversions further re-195

duced residual displacements to ∼0.41 cm but did not improve the fit visually (Figures S6, S7)196

and so we prefer the simpler model, with distributed slip but uniform rake.197

Our preferred geometry comprises two co-linear segments with strike ∼244◦ and198

predominantly left-lateral slip, in good agreement with seismological focal mechanisms199

(Table S9). At the surface, the model faults approximate the mapped trace of the EAF200

(Duman & Emre, 2013), except that the observed ∼10◦ fault bend is manifest in our model201

as a small left stepover. Attempts at fixing the model fault surface projection to match202

the observed surface trace resulted in worse misfits, and so we consider a stepover to be203

the best representation of fault structure at the scale of the seismogenic zone. The east-204
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ern fault dips steeply (80◦) northwards; the western fault dips more gently (64◦) north-205

wards and has a small normal component (rake −18◦). Maximum slip of 2.4 m occurs206

at 6–9 km depth but <0.5 m of slip reaches the shallowest slip patches, implying a pro-207

nounced shallow slip deficit (Figure 3c). The model moment of 1.79 × 1019 Nm (Mw 6.8)208

is similar to the largest seismological solution (that of the Global Centroid Moment Ten-209

sor project), implying that most the slip inferred from InSAR occurred coseismically.210

Our relocated hypocenter lies midway along the eastern model fault segment at a211

depth of ∼8 km. The earthquake therefore ruptured bilaterally, but with ∼80% of the212

InSAR model moment occurring WSW of the epicenter. Our back projection results show213

that high frequency energy is also released almost exclusively WSW of the epicenter, con-214

sistent with a rupture velocity in that direction of ∼2 km/s and a rupture duration of215

∼20 s (supplementary Figure S8).216

3.3 Postseismic displacements217

To investigate early postseismic deformation, we processed four consecutive, 6 day,218

postseismic interferograms on each of the four available tracks (Figure S9). We observe219

a sharp phase jump localized on the EAF in the earliest postseismic 6 day interferogram220

(January 27/28 to February 2/3). Although later interferograms suffer from decorrela-221

tion, this phase jump seems to have disappeared by the time of the last pair processed222

(February 14/15 to 20/21).223

We used cumulative 24 day interferograms (January 27/28–February 20/21) to es-224

timate early postseismic afterslip, focusing WSW of the mainshock epicenter where co-225

seismic slip was greatest and where InSAR near-field displacements are most coherent226

(Figure 4a). Fitting fault-perpendicular profiles with the arctan model, we estimate max-227

imum afterslip of ∼13 cm, less than 7% of the peak coseismic slip (Figure 4b and Fig-228

ure S10). The greatest afterslip occurs close to the mainshock epicenter and appears to229

be buried, with minimum misfit locking depths of ∼1 km. WSW of the epicenter, after-230

slip decreases rapidly to ∼3 cm and the locking depth diminishes to near zero, indicat-231

ing postseismic surface rupturing.232

Horizontal coseismic and postseismic displacements mapped with OIC are dom-233

inated by topographic artefacts without a clear coseismic signal, although a long-wavelength234

signal near the fault in the E-W displacement field may reflect left-lateral slip (Supple-235
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mentary Figure S11). The lack of a distinct coseismic signal at this resolution is consis-236

tent with the shallow slip deficit and small amounts of total surface slip inferred from237

our coseismic and postseismic InSAR models.238

3.4 Aftershock seismicity239

Most aftershocks exhibit predominantly left-lateral mechanisms along or parallel240

to the EAF (Figure 2b and Supplementary Tables S10–S11). We observe notable clus-241

ters of aftershocks close to the mainshock hypocenter, at the eastern end of the coseis-242

mic faulting (west of Lake Hazar), and near the western end (northwest of Pürtürge).243

In contrast, there is a near absense of aftershocks associated with the peak coseismic slip244

patch near the intersection of the two InSAR model faults (Figures 2b and 3b). Many245

of the aftershocks — particularly within the concentrations at either end of the main-246

shock rupture — lie up to ∼10 km off the main trace of the EAF, suggesting activation247

of secondary faults within a broad damage zone (Liu et al., 2003). The easternmost af-248

tershock studied here has a distinctive normal component, consistent with interpreta-249

tions of the Lake Hazar basin as a releasing bend.250

Aftershock relocated focal depths range from 7–17 km (Figure S1c) whereas cen-251

troid depths from waveform modeling are mostly 2–7 km, with a single deeper event at252

20 km. Use of an alternative velocity model (Acarel et al., 2019) in the regional wave-253

form modelling increased centroid depths by on average ∼2 km, reducing but not elim-254

inating the discrepancy with focal depths. These results mimic relations observed in com-255

parably well-instrumented regions elsewhere (Karasözen et al., 2016, 2018; Gaudreau et256

al., 2019) and likely reflect the depth resolution limitations of both methods, together257

with the propensity for earthquakes to nucleate deeper within the seismogenic zone and258

rupture upwards.259

4 Discussion260

In this section, we first examine the 2020 Elazığ earthquake in the context of struc-261

tural segmentation, large historical ruptures, and background instrumental seismicity along262

the central EAF. Second, we discuss characteristics of the 2020 earthquake in light of263

emerging conceptual models for fault rupture behaviour.264
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4.1 Relations with previous seismicity and with structural segmenta-265

tion of the EAF266

The Elazığ mainshock nucleated in a zone of apparent structural complexity be-267

tween the small towns of Uslu and Doğanyol, where Duman and Emre (2013) mapped268

a pair of small (<500 m) right steps and an abrupt bend in the surface trace of the EAF269

(Figure 2). The eastern right step, at Uslu, is associated with a ∼1 km fault gap; the270

western right step, just north of the Karakaya reservoir, is manifest as a ∼4 km stretch271

of parallel, overlapping fault strands. Just west of these parallel strands, the EAF abruptly272

changes fault strike by ∼10◦. The April 4 and December 27 2019 foreshocks provide fur-273

ther evidence of the structural complexity in this area (Figure 2a). The April 4 Mw 5.3274

earthquake appears to have ruptured the EAF close to the eastern fault step at Uslu.275

The December 27 Mw 4.9 foreshock was located at the fault bend north of Doğanyol;276

both its nodal planes are at high angles to the EAF, suggesting rupture of a subsidiary277

structure or splay.278

The 2020 mainshock nucleated within this zone of complexity, between and equidis-279

tant from the two foreshocks, before rupturing bilaterally towards the ENE and WSW280

(Figure 2b). The ENE rupture branch terminates at Lake Hazar, interpreted by Cetin281

et al. (2003) and Duman and Emre (2013) as a left-stepping releasing bend, by Aksoy282

et al. (2007) as a horst structure, and by Garcia Moreno et al. (2011) as a continuous,283

unsegmented fault section. The WSW-ward rupture propagated past the ∼10◦ fault bend284

— manifest in our simplified slip model as a releasing step — to terminate on a relatively285

straight section of the fault west of Pürtürge. Here, our model fault geometry is slightly286

oblique to the mapped surface trace, hinting that at the scale of the seismogenic zone287

the fault has a somewhat skewed, non-planar geometry (Figure 2b).288

Large historical earthquakes in 1874, 1875, 1893 and 1905 are each attributed to289

the central EAF on the basis of damage patterns and — in one case — reports of sur-290

face rupturing (Ambraseys, 1989). The May 3 1874 (M ∼7.1) and March 27 1875 (M ∼6.7)291

Gölcuk Gölu earthquakes were both centered upon Lake Hazar, whose former name they292

bear. The 1874 earthquake devastated settlements along a ∼50 km corridor extending293

from Uslu, ∼15 km SW of the lake, to Tenik, ∼20 km east of it. Surface rupturing is sus-294

pected based upon reports that the south side of the lake was uplifted by ∼1–2 m and295

that the valley NE of the lake was “rent” (Ambraseys, 1989; Ambraseys & Jackson, 1998).296
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The reported damage distribution hints that faulting may have extended southwest of297

the lake, too, but this cannot be confirmed. It is therefore uncertain whether the 2020298

earthquake ruptured into the slip area of the 1875 earthquake, or stopped short of it. The299

1875 earthquake was assigned the same macroseismic epicenter as the 1874 earthquake,300

but its rupture extents are relatively poorly constrained. The March 2 1893 (M ∼7.1)301

and December 4 1905 (Ms 6.8) Malatya earthquakes were both centered on the Yarpu-302

zlu restraining bend, with damage focused upon settlements between Erkenek (in the303

SW) and Pütürge (in the NE) (Ambraseys, 1989). The northeastern limit to the zone304

of maximum damage in both earthquakes therefore approximates the southwestern limit305

of faulting in the 2020 earthquake. However, absent of more precise information on the306

fault extents of the 1893 and 1905 earthquakes, it is unclear whether they are separated307

from, connected to, or partially overlap with the 2020 rupture area.308

Duman and Emre (2013) used the apparent spatial separation between the 1875309

and 1893 ruptures to argue for a seismic gap along the Pütürge segment of the EAF. How-310

ever, our relocation of background seismicity marks the Pütürge segment as amongst the311

most seismically active sections of the EAF in the past few decades, not normally the312

hallmark of a supposed seismic gap. During the period 1964–2019, the Pütürge segment313

hosted eight earthquakes large enough (Mw ∼5) to be ascribed teleseismic focal mech-314

anisms, more than along any other EAF segment (Figure 1b). Similarly, Bulut et al. (2012)315

observed that during the interval 2007–2011, and discounting the aftershock zone of the316

2010 Mw 6.1 Kovancılar earthquake, the densest activity of small-to-moderate events (Mw317

> ∼3) along the whole EAF occurred between Pütürge and Lake Hazar: the eventual318

rupture zone of the 2020 earthquake.319

4.2 Earthquake behaviour and structural maturity320

Our coseismic InSAR modeling suggests that only ∼20% of the peak slip at depth321

reaches the surficial model fault patches, implying a shallow slip deficit of ∼80% (Fig-322

ure 3c). Other studies have shown that apparent shallow slip deficits can arise from a323

lack of resolution in near field InSAR data or from model uncertainties at shallow depth324

(Xu et al., 2016; Huang et al., 2017). However, in our case, the absence of a clear sur-325

face rupturing signal in optical imagery implies that the deficit inferred from InSAR mod-326

eling is real.327
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We consider it unlikely that the shortfall in shallow slip could be recovered by fu-328

ture earthquakes, since most background seismicity is concentrated below 5 km depth329

(Figure S1c; O. Tan et al. (2011); Bulut et al. (2012)). Early, localized, shallow after-330

slip is limited to <7% of the maximum coseismic slip magnitude, recovering only a small331

portion of the deficit (Figure 4). More could be recovered by persistent shallow creep332

during the interseismic period, especially since serpentinite-rich ophiolitic rocks mapped333

near the Pürtürge segment could plausibly exhibit velocity-strengthening frictional be-334

havior (Khalifa et al., 2018; Karaoğlan et al., 2013; Yılmaz, 1993). However, afterslip335

decays rapidly and disappears completely by mid February (Figure S9), inconsistent with336

persistent creep (e.g., Çakir et al., 2012). Ultimately, longer geodetic time-series are prob-337

ably required in order to explain in which part of the earthquake cycle the shallow slip338

deficit is recovered (e.g., Fielding et al., 2009).339

Dolan and Haravitch (2014) compared shallow slip deficits of six Mw >7.1 strike-340

slip earthquakes, and observed that those on immature faults — defined as having cu-341

mulative offsets of <25 km — had smaller ratios of surface slip to deep slip (∼50–60%)342

than those on mature faults (∼85–95%). This is thought to reflect the progressive lo-343

calization of slip as fault zones evolve over many earthquake cycles, with more of the shal-344

low strain manifest as inelastic, distributed deformation along immature faults (e.g., Kaneko345

& Fialko, 2011; Zinke et al., 2015; Roten et al., 2017). Earthquakes that are somewhat346

smaller than the cut-off of Mw 7.1 considered by Dolan and Haravitch (2014) might have347

even more pronounced shallow slip deficits because of the scaling of moment magnitude348

with slip area. For example, the 2003 Mw 6.5 Bam earthquake and the 2017 Mw 6.5 Ji-349

uzhaigou earthquake each had very pronounced shallow slip deficits, exhibited minimal350

postseismic afterslip, and likely ruptured structurally-immature faults (Fialko et al., 2005;351

Li et al., 2020).352

This provides the context by which the rupture characteristics of the Elazığ earth-353

quake may be understood. The central EAF is well-established as of low-to-intermediate354

structural maturity, with total offsets of ∼9–26 km (Duman & Emre, 2013). This pro-355

vides a plausible explanation for the low (∼20%) ratio of surface slip to peak slip at depth356

and the small amounts (<13 cm) of observed shallow afterslip. The slow rupture speed357

of ∼2 km/s can also characterize immature faults (Perrin et al., 2016). Our results also358

caution that future morphotectonic or paleoseismological studies of the EAF should be359
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undertaken with the awareness that a large proportion of deformation may be distributed360

away from the main fault trace.361

5 Conclusions362

The January 24 2020 Mw6.8 Elazığ ruptured bilaterally along the Pürtürge seg-363

ment of the EAF from a nucleation point near an abrupt, ∼10◦ bend in the fault sur-364

face trace. It was preceded by two nearby (∼5 km distance) moderate foreshocks on April 4365

and December 27 2019. To the ENE, the mainshock may have propagated into the rup-366

ture zone of the 1874 M ∼7.1 Gölcuk Gölu earthquake, and it halted in the Lake Hazar367

basin, previously identified as a major EAF segment boundary. It propagated to the WSW368

at ∼2 km/s and terminated after ∼20 s along a straight, structurally-simple section of369

the Pürtürge fault segment; relations with the 1893 M ∼7.1 and 1905 Ms 6.9 Malatya370

earthquakes are unclear. Overall, these results indicate that previous structural segmen-371

tation models of the central EAF are oversimplified and/or that the characteristic earth-372

quake model is inappropriate here. The mainshock rupture is characterized by a pronounced373

shallow slip deficit, that is only partially recovered through shallow afterslip. These char-374

acteristics — as well as the slow rupture propagation speed and abundant off-fault back-375

ground and aftershock seismicity — probably reflect the low-to-moderate structural ma-376

turity of the central EAF. The possibility for significant off-fault deformation should be377

taken into account in future paleoseismological and morphotectonic studies of the EAF.378
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Figure 1. (a) Tectonic setting with plate boundaries (black lines) and representative GPS

velocities relative to stable Eurasia (white arrows, from Kreemer et al. (2014)). CSZ = Cyprus

Subduction Zone, DSF = Dead Sea Fault, EAF = East Anatolian Fault, NAF = North Ana-

tolian Fault. (b) Focal mechanisms, historical earthquakes, and active faults in SE Anatolia.

Teleseismic focal mechanisms, colored by year up to 2019, are from McKenzie (1972), Taymaz

et al. (1991) and the USGS and GCMT catalogs. We use our own, relocated epicenters along

the EAF and ISC-EHB epicenters elsewhere (Weston et al., 2018). Crosses show macroseismic

epicenters of historical EAF earthquakes (Ambraseys, 1989; Ambraseys & Jackson, 1998). Solid

lines are strike- or oblique-slip faults and dotted lines are (mostly N-dipping) reverse faults (Emre

et al., 2018). SEATZ = Southeast Anatolia Thrust Zone. (c) Close-up of the central EAF. Col-

ored shading shows zones of maximum damage associated with historical earthquakes in 1874

(blue) and 1893 and 1905 (purple), from Ambraseys (1989). Focal mechanisms are as in (b) with

the addition of two 2019 foreshocks and the 2020 Elazığ mainshock. Circles show earthquakes

without focal mechanisms, colored the same but scaled differently. Thick black lines are surface

projections of our preferred InSAR model faults for the 2020 mainshock. Below the map, we

show the central EAF segmentation scheme of Duman and Emre (2013).
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Figure 2. (a) Background seismicity (1994–2019) along the central and eastern Pürtürge

segment of the EAF, plotted at relocated epicenters, colored by year, and scaled by magnitude

as in Figure 1c. Focal mechanisms are from the GCMT and KOERI catalogs. Faults are as in

Figure 1b–c. (b) Elazığ mainshock and aftershock seismicity, plotted at our relocated epicenters

where possible (shadowed mechanisms are plotted at EMSC locations) and colored by date. The

mainshock mechanism is from the GCMT catalog; aftershock mechanisms are from our own re-

gional waveform modeling. Thick red lines are surface projections of our preferred InSAR model

faults for the 2020 Elazığ mainshock.
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Figure 3. (a) Top: Sentinel-1 interferograms on track track 123D (left) and 116A (right).

Middle: model interferograms for our preferred two segment, distributed slip, uniform rake fault

models. Bottom: residual interferograms. The thick black line is the surface projection of the

modeled fault segments and the red star is the relocated epicenter. Interferograms from tracks

21D and 43A are plotted in supporting information in Figure S5. (b) Model slip distribution.

Each fault patch measures 3 × 3 km. The black star shows the relocated hypocenter at 8 km

depth, projected on the fault plane. (c) Distribution of normalized average slip versus depth.
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Figure 4. (a) Horizontal displacements projected onto the fault-parallel direction (244◦) dur-

ing the early postseismic period (January 27–February 21 2020), estimated from the A116, A43

and 123D interferograms. Profile lines 1 to 38 are used to fit our afterslip model (profiles with

less than 25% of no data values). Observed and modeled displacements are plotted in Figure S10.

(b) Afterslip modeling results. Blue diamonds are slip U , red crosses are locking depth D, and

green dots show coefficients of determination R2 (only results with R2 > 0.9 are shown). Vertical

dashed lines labelled with numbers (5, 10, etc.) refer to profile numbers displayed in (a). The

black star is the relocated epicenter.
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(2018). Active fault database of Turkey. Bull. Earthquake Eng., 16 (8), 3229–462

3275.463

Fialko, Y., Sandwell, D., Simons, M., & Rosen, P. (2005). Three-dimensional de-464

formation caused by the Bam, Iran, earthquake and the origin of shallow slip465

deficit. Nature, 435 , 295–299.466

Fielding, E. J., Lundgren, P. R., Bürgmann, R., & Funning, G. J. (2009). Shallow467

fault-zone dilatancy recovery after the 2003 Bam earthquake in Iran. Nature,468

458 (7234), 64–68.469

Garcia Moreno, D., Hubert-Ferrari, A., Moernaut, J., Fraser, J. G., Boes, X., Van470

Daele, M., . . . De Batist, M. (2011). Structure and recent evolution of the471

Hazar Basin: a strike-slip basin on the East Anatolian Fault, Eastern Turkey.472

Basin. Res., 23 (2), 191–207.473
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tan, E. K., . . . Özacar, A. A. (2018). The 2017 July 20 Mw 6.6 Bodrum–Kos506

earthquake illuminates active faulting in the Gulf of Gökova, SW Turkey.507

Geophys. J. Int., 214 (1), 185–199.508
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Zahradńık, J., Serpetsidaki, A., Sokos, E., & Tselentis, G.-A. (2005). Iterative603

deconvolution of regional waveforms and a double-event interpretation of the604

2003 Lefkada earthquake, Greece. Bull. Seismol. Soc. Am., 95 (1), 159–172.605

Zinke, R., Dolan, J. F., Van Dissen, R., Grenader, J. R., Rhodes, E. J., McGuire,606

C. P., . . . Hatem, A. E. (2015). Evolution and progressive geomorphic mani-607

festation of surface faulting: A comparison of the Wairau and Awatere faults,608

South Island, New Zealand. Geology , 43 (11), 1019–1022.609

–24–


