The off-fault deformation on the North Anatolian Fault Zone and assessment of slip rate from carbonate veins 
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Abstract
In the easternmost segment of the North Anatolian Fault (NAF) zone there are discrepancies in earthquake characteristics arising from differences between geodetically determined and geologically observed slip rates. We investigated the spatial distribution of deformation across a NAF fault segment, Turkey. Field observations were conducted on the offset of physiographic features along the principle fault and on a carbonate-filled fissure system a few hundred meters away from the main slip zone. Considering the rheology of the geological units, we propose distributed deformation across the principal fault strand in a stretching zone causing sigmoidal simple-shear rotation of the carbonate-filled fissure system. Since the fissure system is made up by previously dated alternating carbonate bands formed during distinct rupture events, the sigmoidal deformation provides an opportunity to understand the off-fault deformation rate in the stretching zone. Comparing displacement data of the sigmoidal carbonate vein with isotopic age results indicates an off-fault deformation of 15.72±2.83 mm per year for the Holocene, which corresponds to at least 50% of the geodetically estimated annual slip across the fault. The results indicate that distributed deformation needs to be taken into account in terms of the discrepancies on earthquake characteristics of active fault systems.





1. Introduction
During an earthquake, the crustal stress on different blocks is commonly released by discrete offsets along a single or a few principal fault planes (Fig. 1a-i and ii). Measurements of offsets on these discrete faults yield a slip rate that can be used to forecast the regional seismic hazard potential (e.g. Barka 1996; Rockwell et al. 2009). In some cases, the on-fault offset does not account for the total deformation monitored with geodetic measurements, since the deformation is distributed partially or even entirely to one or either side(s) of the principal fault plane, i.e. there is significant off-fault deformation in a stretching zone (Ramsay and Graham 1970; Ramsay 1980) (striped areas in Fig. 1b). Strain compatibility in this stretching zone could be preserved through brittle (e.g., microcracking, tensile/shear fractures, shifted/deformed veins) or ductile deformation (e.g., granular flow, folding, pressure-solution and dislocation creep) (e.g. Duebendorfer et al. 1998; McClymont et al. 2009; Shelef and Oskin 2010; Titus et al. 2011; Herbert et al. 2014; Bürgmann 2018; Kaduri et al. 2018). In such cases, the stress is partially unloaded in the stretching zone on one or either side of the principal fault strand. However, in this case, one or more faults are still capable of slipping along the principal planes (as is the case of the southern and northern Hayward Fault) (Lienkaemper and Williams 1999; Schimdt et al. 2005) (Fig. 1b-ii). 
If crustal stress is released along principal fault planes and within the stretching zone, the distributed deformation may lead to discrepancies between geodetically determined and geologically observed slip rates (e.g. McClymont et al. 2009; Herbert et al. 2014; Milliner et al. 2016). Although total deformation can be monitored through geodetic positioning data, the resolution of satellite geodesy cannot often effectively separate on-fault and off-fault slip partitioning in the distributed deformation zone. Thus, direct geological field evidence is important for on-fault offsets and also for off-fault deformation features to characterize the total offset along a seismically active fault zone.
There are diﬀerent mechanisms leading to distributed deformation, depending on the nature of the boundaries of the fault zone with its wall rock (Fossen and Cavalcante 2017). The rheology of different rock types can control the stretching behaviour along fault zones (Burgmann 2018). For example, in some cases, deformation in stretching zones can occur on both blocks of the fault (e.g. McClymont et al. 2009; Herbert et al. 2014; Milliner et al. 2016) (Fig. 1b-i and ii); in other cases, stretching may only occur on one side of the main fault plane (e.g. Rutter et al. 2012; Fossen and Cavalcante 2017) (Fig. 1b-iii). Thus, it is crucial to understand the spatial distribution of the deformation in a fault zone to evaluate the seismic hazard of the region.
Slip rate estimations are central to seismic hazard studies and commonly rely on the interpretation of datable displacement data along the active faults (Segall 2002; Chéry and Vernant 2006; Meade et al. 2013). Different approaches for estimating slip rates have different advantages/disadvantages in providing time-resolution and/or spatial-width data of the displacement. For example, geodetic studies use spatial displacement data collected over a wide area across a central principal fault. Although the geodetic slip rate is equal to the far-field plate velocity, it is restricted to a short (recent) time period (i.e., <102 yrs). Standard geological slip rate estimations are favourable if one aims to capture longer time resolution (i.e., >102 yrs). Geological and geomorphological ﬁeld surveys for estimating a slip rate are usually conducted across restricted areas next to the principal fault. However, in some sections of the fault zone, the slip could be partitioned between parallel branches (Fig. 1a-ii). This has been demonstrated, for example, for the 1944 earthquake along the Gerede segment of the North Anatolian Fault (NAF), which ruptured a number of parallel and subparallel fault segments of various lengths, ranging from 0.4 km to 22 km (Ayhan and Koçyiğit 2010). Moreover, distributed deformation can take place over a wider zone on either side of the principal fault plane(s). For the 1944 Gerede earthquake, geodetic data suggest that the width of the deformation zone is 4.4 km, while geologic observations suggest a much more limited width of 1 km (Kaduri et al. 2018). The deformation can also be accommodated by aseismic creep across a discrete fault plane or distributed creep over a wider zone (Fig. 1b). Therefore, it is important to trace offsets on each fault segment for evaluating whether crustal stress has been released solely on the principal fault plane(s) or if there was additional distributed deformation in the wider fault zone for assessing earthquake hazards along fault zones. 
Geodetic positioning of a wider area can yield an average rate of deformation for distributed deformation. However, the difference between the dominant time periods of geodetic and geological methods could restrict the comparison of the slip rate results. Extending the geodetic results to geological time scales cannot address slip rate variations with time, especially if aseismic creep processes are taken into account. Thus, it is important to 1) understand whether there is distributed deformation across a fault zone; 2) evaluate the deformation mechanism of distributed deformation in the fault zone; and 3) date the distributed deformation structures.
In this study, we focus on the distributed deformation along one of the narrowest parts of the NAF near Erzincan (Fig. 2). Direct field studies are sparse along the “1939 Erzincan Earthquake surface rupture” (1939 ER) segment of the NAF and these are limited to on-fault studies. In previous studies, results of on-fault ﬁeld surveys (i.e. paleoseismological slip rate estimation along the surface ruptures) (e.g. Hubert-Ferrari et al. 2002; Zabcı et al. 2015) yielded systematically smaller rates than geodetic results that also cover distributed deformation across a wider zone (i.e. the sum of on-fault and off-fault offsets) along the 1939 ER segment (e.g. Hubert-Ferrari et al. 2002; Reilinger et al. 2006; Walters et al. 2011; 2014; Tatar et al. 2012; Cavalié and Jónsson 2014; Çakır et al. 2014). However, the spatial resolution and time period of geodetic studies are insufficient to resolve rate differences between on-fault and off-fault deformation. In this study, we conducted a geological ﬁeld study of a fissure ridge travertine occurring a few hundred meters away from the principal fault of the 1939 ER segment (Fig. 2). The sigmoidal deformation on this carbonate-filled fissure system reflects distributed deformation across this fault segment of the NAF. The fissure system is made up by alternating carbonate bands that formed during distinct rupture events and are suitable for direct dating by the U-series technique. Therefore, investigating the carbonate vein system helps to better understand the off-fault slip rate and thus resolve the slip-rate deficit along the 1939 ER segment of the NAF. 



2. Setting
The NAF is one of the best-known and largest active continental fault systems in the world. It represents a ca.1200 km-long dextral strike-slip fault zone separating the Eurasian Plate to the north and the Anatolian block to the south (Fig. 2a). The NAF is composed of a series of right lateral strike-slip segments extending from eastern Anatolia to the northern Aegean Sea (Fig. 2a).  Because of its remarkable seismic activity, its importance for the neotectonics of the eastern Mediterranean region, and its close analogy to the San Andreas Fault System in California, the NAF has been the subject of numerous geological, geomorphological and seismological studies since its recognition as a major active strike-slip fault in the middle of the 20th century (Şengör et al. 2005).
Our current understanding of the origin and displacement history of the NAF has remained limited and highly controversial despite many new studies from various Earth Science disciplines having been conducted in recent years, particularly after two large earthquakes in 1999 (Kocaeli M=7.4 and Duzce M=7.2). There is an ongoing debate as to whether the NAF was initiated in the Late Miocene-Early Pliocene (Barka et al. 1992) or in the Middle Miocene (Şengör et al. 2005). More recently, geochronological work on fault gouge and hydrothermal calcite veins from the central and eastern part of the NAF (Uysal et al. 2007; Mutlu et al. 2010; Nuriel et al. 2019) obtained Late Miocene ages (8-10 Ma) that may represent either the initiation or an important reactivation episode of the NAF. Two main models have been proposed to explain the development of the NAF. (1) Aegean slab rollback creates a WSW-directed pull that “sucks” the Anatolian plate westward. Accordingly, the NAF is supposed to propagate from west to east (Chorowicz et al. 1999). (2) The tectonic escape model (Şengör 1980; Şengör et al. 1985) suggesting that the collision of the Arabian and Eurasian plates in SE Turkey is the causative event for the development of the NAF. Accordingly, the NAF is supposed to propagate from east to west (Şengör et al. 2005).

2.1. 1939 Erzincan earthquake segment of the NAF
The NAF has a relatively simple geometry in its eastern part (Barka and Kadinsky-Cade 1988; Şengör and Zabcı 2019) and the deformation is conﬁned to a narrow zone along the segment of the 1939 ER (Şengör and Zabcı 2019). The epicentre of the 1939 earthquake is near Erzincan (Barka 1996; Zabcı et al. 2011; Gürsoy et al. 2013). The 1939 ER consists of five major geometric segments (Erzincan, Mihar-Tümekar, Ortaköy-Suşehri, Kelkit Valley and Ezinepazarı) (Barka 1996; Zabcı et al. 2011; Fraser et al. 2012) (Fig. 2a). The Kelkit segment between the Suşehri and Niksar Basins is approximately 100 km long. Towards the west, the Kelkit segment is separated from the Ezinepazarı segment by bending of the fault zone to the west, and from the 1942 rupture by a releasing step-over. The Kelkit segment of the 1939 ER is represented by the narrowest morphology throughout the Kelkit River Valley (Fig. 2). The Reşadiye site forms one of the widest parts of the valley with a maximum width of 750 m in the N-S direction (Fig. 2b). The strike of the fault east of Reşadiye is 2900 (Fig. 2b). It extends towards the west as two parallel branches (Fig. 2b). 
Kaduri et al. (2017) argue that the NAF ruptures along principal fault strands in massive limestones, while it is creeping along sections in various incompetent and less cohesive volcanic rocks. A few sections of the NAF have been identified in recent years as aseismically creeping fault strands (1943-Ladik segment, 1944-Gerede segment, 1999-Izmit segment, Fig. 1a) (Karabacak et al. 2011; Kaduri et al. 2018). Moreover, Gürsoy et al. (2013) assert that at least two sites along the Kelkit Valley segment exhibit distributed deformation within a few 10-m-wide deformation zone (5 km and 35 km west of the Reşadiye). For example, stretching of a 50 m deformation zone exists on both blocks of the principal strand of the 1939 ER around Çimenli (Gürsoy et al. 2013). At both sites of the NAF near Çimenli, the geological units are similar to the Reşadiye site on the northern block of the fault zone (see Figs. 1 and 12 in Gürsoy et al. 2013). Around Reşadiye, except for the Plio-Quaternary units, the geological units on the northern block are entirely older than those on the southern block (Fig. 2b). On the northern block, the UK3 unit is exposed to a 1-2-m-wide belt (Blumental 1950; Seymen 1975; Herece and Akay 2003) (Fig. 2b). This unit is composed of sandstone, limestones, shale, marl and volcanoclastics interbedded with marl and bentonite layers that was formed by the alteration of the tuffs (Blumental 1950; Seymen 1975; Terlemez and Yılmaz 1980). There are active hot springs along well-developed fracture systems precipitating travertines in UK3 (Fig. 2b).

2.2. Slip rate estimates for the Erzincan segment of the NAF
Since the NAF has produced a sequence of large-magnitude earthquakes in the 20th century, it represents a natural laboratory for active fault studies (Fig. 2a). As such, great efforts have been made to assess earthquake characteristics and slip rate estimates of the NAF (e.g., Barka 1996; Hubert-Ferrari et al. 2002; Zabcı et al. 2015). Particularly, the 1939 ER segment has been considered as representing a relatively simple geometry that can be easily understood in terms of slip rate evolution and assessing the seismic hazard. However, there are some remarkable discrepancies on earthquake characteristics of the 1939 ER segment, mostly related to slip rate estimates, recurrence time, and offset measurements. For example, previous studies have reported differences between slip rate measurements. Geological, geomorphological and geodetic constraints, as well as kinematic modelling yielded various displacement rates ranging from 6.5 mm/yr to 26 mm/yr for the 1939 ER segment (e.g. Hubert-Ferrari et al. 2002; Reilinger et al. 2006; Walters et al. 2011, 2014; Tatar et al. 2012; Cavalié and Jónsson 2014; Çakır et al. 2014). Hubert-Ferrari et al. (2002) suggested a Neogene slip rate of 6.5 mm/yr over 13 Myr by using large river valleys and structural markers. McClusky et al. (2000) used Euler pole estimates of the NAF for deriving a slip rate of 22–24 mm/yr. Reilinger et al. (2006) estimated a slightly higher slip rate of 25.3±0.2 mm/yr based on kinematic block modelling. Tatar et al. (2012) used GPS data and calculated a slip rate that increases from 16.3±2.3 mm/yr in the east to 24.0±2.9 mm/yr in the western part of the segment, with an average rate being 20.1±2.4 mm/yr. Walters et al. (2011, 2014), Cavalié and Jónsson (2014), Çakır et al. (2014) used InSAR-based velocity profiles over a >100 km region to estimate a slip rate of 20–26 mm/yr across a wide deformation zone. A geomorphological-based study about 30 km NW of Erzincan provides an average slip rate of 18.5±3.5 mm/yr for the last 11 kyr (Hubert-Ferrari et al. 2002), while offset terrace deposits east of Erzincan give a slip rate of 13-14 mm/yr for the last 7 kyr (Zabcı et al. 2015).
Discrepancies on the slip rate are explained by three main assumptions: 1) InSAR-based velocity proﬁles claim relatively constant rates (Walters et al. 2011; Cavalié and Jónsson 2014; Çakır et al. 2014), while GPS-based slip rates increase from the east to the west along the 1939 ER segment (e.g. Reilinger et al. 2006; Tatar et al. 2012; Aktuğ et al. 2013), which is interpreted to be a consequence of the Anatolian block being pulled due to Aegean slab rollback, 2) The slip rate increases from the Neogene to the Holocene associated with the recent establishment of the current plate geometry after the NAF growth (e.g. Hubert-Ferrari at al. 2002), 3) The total deformation is not only concentrated along the principal fault plane(s) of the NAF but is distributed over a wider zone (e.g. Zabcı et al. 2015). 
These interpretations have implications for geologic-geodetic rate comparisons on 1939 ER segment. Most of the direct field evidence on offset along the segment comes from on-fault studies like paleoseismic trenching and offset measurements on the 1939 ER. Based on paleoseismic studies, Hartleb et al. (2006) and Kozacı (2008) suggested that the eastern NAF does not always rupture in sequences similar to the 20th‐century cluster of the fault. Moreover, along the Kelkit Valley sub-segment of the 1939 ER segment, paleoseismic trenching results on principal fault strand suggest a wide recurrence interval of large-magnitude earthquakes, as a result of relatively less strain accumulation over long periods of time (Fraser 2009; Fraser et al. 2010). The measured offsets along the 1939 ER show an abrupt and dramatic decrease on the Kelkit Valley segment (from 5-7.5 m in the eastern part to 2-4 m on the Kelkit Valley segment in the western part) (Pamir and Ketin 1941; Parejas et al. 1942; Koçyiğit 1989; Barka 1996; Zabcı et al. 2011; Gürsoy et al. 2013).  
Whilst previous studies focused mainly the on-fault deformation, the off-fault deformation along the 1939 ER segment has not been investigated yet. However, as reported for other major plate boundary faults, the unrecognized oﬀ-fault deformation may be responsible for a large portion of the slip deﬁcit along the principal fault strand. For example, McClaymont et al. (2009) showed that the deformation like drag folding and horizontal rotation represents an off-fault slip deﬁcit of 41% within the Taupo Rift, New Zealand. Similarly, up to 46% off-fault deformation contributes to the overall offset in the eastern California shear zone, USA (Herbert et al. 2014; Milliner et al. 2016). In the Carboneras fault zone (Spain), Rutter et al. (2012) argues that off-fault distributed deformation occurs in a 100-km-long region on just one side of the fault zone, which takes up 50% of the overall deformation of the zone.  



3. Data and Results
Offset physiographic features delineate the principal strand of the 1939 ER along the Kelkit Valley segment (Fig. 3a). Stream channels and field borders near Reşadiye are systematically cut by the principal fault (Figs. 3a-c). Right-lateral offsets range from 3 m to 11 m and are regarded as evidence of repeated Holocene activity (e.g. Zabcı et al. 2011; Gürsoy et al. 2013). The field borders and stream channels are concave on the northern block of the fault, while they are abruptly offset on the southern block (Figs. 3a-c). This geomorphological evidence indicates that the blocks on either side of the principal fault plane behave differently. Thus, if there is a distributed deformation, it is important to evaluate the deformation mechanism on the northern block of the fault plane.
Hot springs and travertine depositions occur within well-developed fracture systems on the northern block of the Kelkit segment (Fig. 2b). The Reşadiye fissure ridge is the most prominent of these travertine deposits. The travertines precipitated in a NW-striking vein system that acts as a conduit for hot waters. Since pressurized CO2-rich spring waters in subsurface reservoirs are mobilized during sudden strain cycles (Berardi et al. 2016; Karabacak et al. 2019), carbonate deposition is associated with episodic fault activity. There are secondary fissure veins parallel to the local SHmax direction (315-3200) (World Stress Map Project database; Heidbach et al. 2016) (Fig. 4a). Fault planes and slickenlines on bedrocks also support NW-trending SHmax (Figs. 3d and e).
Alternating bands with thicknesses of a few millimetres to several centimetres occur parallel to the vein walls consisting of successively deposited bedded travertines (Figs. 4b and c). In line with previous studies, deposition of vertically banded carbonate bands is considered to be a result of repeated strain cycles and episodic dilation (e.g., Altunel and Karabacak 2005; Uysal et al. 2011; Nuriel et al. 2012; Brogi and Capezzuoli 2014; Brogi et al. 2017; Karabacak et al. 2017). Karabacak et al. (2019) studied the Reşadiye fissure ridge travertines in detail and correlated the timing of carbonate precipitation with historical earthquake records. U-series age data from banded travertines along the fissure-ridge reflect the frequency of carbonate precipitation over the last 7000 years (i.e. the oldest travertine at 6.957±0.657 kyr BP) (Fig. 4c). Recently, Mesci et al. (2019) reported the oldest carbonate precipitations along the Reşadiye fissure ridge (i.e. the oldest 12.529±1.898 kyr BP). In total, 24 carbonate bands were dated on the both studies (Table 1). We assessed the statistical distributions of U‐series age results using relative probability plots (calculated from DensityPlotter 8.5, Vermeesch 2012) (Fig. 5). The probability plot shows the oldest age peak at 12.3±1.9 kyr, a date that indicates the onset of vein formation.
The Reşadiye fissure ridge presents a sigmoidal geometry in plain view (Figs. 2b and 4a), which has long been known to be one of the most characteristic structures of shear zones (Ramsay and Graham 1970; Hancock 1972). The sigmoidal structures originate as tensile fractures evolve towards a sigmoidal geometry with progressive right-lateral deformation (Beach 1975) (Fig. 6a). The total lateral displacement across the shear zone, dx, can be calculated assuming a straight pre-deformation strike across a simple shear zone (Ramsay 1980; Lisle 2013) (Figs. 6b and c). 
Since we assumed that the pre-deformation tensile fracture was parallel to SHmax, we could use the SHmax as a pre-deformation tensile fracture axis. When we superpose the SHmax axis and the current sigmoidal fractures, maximum distances between them appear towards east and west. If we measure the maximum distances parallel to the principle fault line (i.e. dx in Fig. 6d), it gives a total 188±5 m right lateral deformation. 


4. Discussions and Conclusion
Although the 1939 ER segment has a relatively simple geometry and is conﬁned to a narrow zone (Barka and Kadinsky-Cade 1988; Şengör et al. 2005), there are some remarkable discrepancies on earthquake characteristics along the Kelkit Valley segment in terms of slip rate estimates, recurrence time and offset measurements. To explain these discrepancies, we propose that the fault zone behaves as a stretching zone (Fig. 7). This model does not require uniform stretching on both blocks. While one block is deformed by distributed deformation, the other one remains undeformed so that a fault could develop between them (Rutter et al. 2012; Fossen and Cavalcante 2017) (Fig. 7). 
In the study area, physiographic features of offset stream channels and field borders along the principal fault demonstrate different behaviours between the northern and southern blocks. A stream channel offset by the fault is almost perpendicular to the fault on the southern block (“r” in Fig. 3a), while it has a concave geometry on the northern block. Moreover, with increasing offset on the older stream channels, the concavity decreases and the alignment of the northern channels changes from oblique to subparallel to the principal fault plane (from “r3” to “r1” on the northern block in Fig. 3a). After they are deflected abruptly like a brittle string, linear elements like stream channels are deflected to a concave geometry by lateral migration processes on the other block towards the topographic slope direction with time (e.g. Huang 1993). The concavity of the offset stream channels and field borders occur on the opposite block towards the slope direction. This phenomenon could be interpreted in two ways: 1) the northern block may be more prone to erosional processes than the southern block, and/or 2) there could be stretching in a wide deformation zone on the northern block of the principal fault strand. On the northern block of the Kelkit segment, the UK3 unit outcrops in a belt with 1-2 km width (Fig. 2b). This belt extends about 20 km along strike. The principal fault strand of the NAF that ruptured during the 1939 ER forms the southern boundary of the unit. The UK3 unit consists of interbedded marl and bentonite and exhibits a fractured and fragmented structure in the study area. Moreover, mineralogical investigations around Reşadiye show intense hydrothermal alteration along the principal fault plane (Mutlu et al. 2010). Considering the alterations and the fractured and fragmented structure, it can be assumed that the UK3 unit may be a suitable candidate for a distributed deformation in the stretching zone leading the sigmoidal deformation of Reşadiye fissure ridge on this block. 
Sigmoidal fractures episodically filled with datable material provide valuable information about the deformation rate. Thus, comparing displacement data (dx= 188±5 m) with the isotopic age results (12.3±1.9 kyr) reveals a deformation rate of 15.72±2.83 mm per year for the Holocene. This rate is lower than geodetic measurements focused on wider deformation area along the fault zone (e.g. Reilinger et al. 2006; Walters et al. 2011, 2014; Tatar et al. 2012; Cavalié and Jónsson 2014; Çakır et al. 2014). If we take the geodetic slip rate in consideration, it requires a distributed deformation on a wider zone. Estimated off-fault rate (i.e. between 12.89 and 18.55 mm/yr) corresponds to at least 50% of the geodetically estimated yearly slip (~25 mm/yr). Thus considering a 15.72±2.83 mm/yr stretching rate, we can conclude that the strain on the NAF around Reşadiye is partially unloaded in a 1-1.5 km width zone on the northern block of the NAF principal strand. However, these sections of the NAF are still capable of generating discrete oﬀset, since ~50% of the annual slip still accumulates on the principal fault. Thus, the proposed model can explain the discrepancies on earthquake characteristics (i.e. slip rate, recurrence time and offset measurements) of the Kelkit Valley segment principal fault. The distribution of the on-fault and off-fault slip in the region could not be resolved with the resolution of geodetic methods due to narrower deformation zone. In any case, further detailed field studies are needed to resolve this issue.
In conclusion, our results indicate that the deformation of the NAF should not be interpreted simply as a discrete offset and/or creep process along only the principal fault strand. The distributed deformation controlled by geological properties (e.g., microcracking, tensile/shear fractures, shifted/deformed veins, granular flow, folding, pressure-solution and dislocation creep) should also be taken in consideration. Future studies should not only rely on high-resolution geodetic monitoring of distributed deformation, but also consider geological field surveys of off-fault properties in terms of slip estimations and probabilistic earthquake hazards.
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Figure Captions
Figure 1. A simplified model of a right-lateral fault zone and types of deformation. a. Discrete offset along a single fault plane (i), or various fault branches (ii). b. Cases of distributed deformation across the fault zone. (i) Distributed deformation in an uniform zone. (ii) Partially distributed deformation in an uniform zone. (iii) Distributed deformation confined to only one block. Red lines with black arrows show surface rupturing faults and blue lines show the offset of a marker line (note that total lateral displacement is the same in all cases). 
Figure 2. a. Surface rupturing earthquakes during the last century along the NAF (generated using GTOPO30 digital data). 1: Ezinepazarı, 2: Kelkit Valley, 3: Ortaköy-Suşehri, 4: Mihar-Tumekar, 5: Erzincan Segments. b. Geological setting of the study area and location of the Reşadiye fissure-ridge travertine along the NAF (simplified from Blumental 1950; Seymen 1975; Terlemez and Yılmaz 1980; Herece and Akay 2003, on the basis of authors' ﬁeld observations). Red line indicates the trace of the Holocene fault (redrawn from Zabcı et al. 2011; Emre et al. 2012; Gürsoy et al. 2013; Karabacak et al. 2019 and ﬁeld observations by V. Karabacak).
Figure 3. Field evidence of discrete faulting around the study area. a. Offset physiographic features of the fault east of Reşadiye (red line shows 1939 ER, blue lines show streams) (modified after Zabcı et al. 2011). b - c. Offset field borders (black dashed lines) (satellite images from Google Earth software). d - e. Fault planes on bedrocks west of Reşadiye. 
Figure 4. a. Detailed geometry of the carbonate bands and sampling sites. The dashed line shows the maximum horizontal compressional stress axis (SHmax) (from the World Stress Map Project database WSM, Heidbach et al. 2016) (the image in (a) is from Google Earth software). b. Field views of the Reşadiye fissure-ridge travertine from location L2. c. Sampled carbonate bands and U-series age results. Note that the ages indicate episodic precipitation of the alternating bands.
Figure 5. Relative probability curve of the of U-series ages of carbonate samples (24 samples, Table 1) (purple plot: Probability density, light blue plot: Kernel density, rectangles: histograms of the samples). x and y axes represent U-series ages in kyr BP and number of samples respectively. Note that the vertical lines show the possible age distributions in kyr BP (2 sigma).
Figure 6. a. Evolution of a tensile fracture into sigmoidal geometry in a right-lateral simple shear zone (vein 1 is the oldest). b. Initial geometry of tension gash in a shear zone. c. The development of the sigmoidal geometry and total lateral displacement (dx). d. Sketch of the Reşadiye carbonate vein in the NAF fault zone. The total lateral displacement (dx) measurements were taken parallel to the SHmax axis (315-3200). Note that probable pre-deformation tensile fracture geometry is assumed parallel to SHmax.
Figure 7. Schematic illustration of a stretching deformation zone between different rock units on either side of the principal fault. The fault block at the bottom remains undeformed so that a stretching fault develops between the lower and upper layer. Note that, while the discrete oﬀset occurs on the stretching fault (on-fault), there is also horizontal deformation in the stretching deformation zone (off-fault) above the principal fault (v1 shows the oldest vein while v3 shows the youngest, r1 shows the oldest river offset while r3 shows the youngest).



Tables
Table 1. Summary of the published age data on Reşadiye carbonate veins. See Fig. 4a for the sample locations.
	location
	sample
	sample ID
	corr. age (ka)
	±2δ
	references

	
	
	
	
	
	

	L1
	1
	RS-1a
	1.060
	0.124
	Karabacak et al. 2019

	
	2
	RS-1b
	0.661
	0.092
	

	
	3
	RS-1c
	0.245
	0.182
	

	
	4
	RS-2
	0.373
	0.143
	

	
	5
	RS-3
	0.650
	0.126
	

	
	6
	RS-4
	6.957
	0.657
	

	
	7
	RS-6
	1.579
	0.136
	

	
	8
	RS-7
	3.961
	1.507
	

	L2
	9
	A1 (B)
	3.386
	0.809
	

	
	10
	A4 (T)
	6.744
	5.890
	

	
	11
	B1 (B)
	4.918
	5.353
	

	
	12
	B4 (T)
	3.615
	2.340
	

	
	13
	A3
	4.656
	2.993
	

	
	14
	B3
	2.530
	2.329
	

	
	15
	B2
	5.525
	1.527
	

	L3
	16
	R8a
	2.657
	0.480
	

	
	17
	R8b
	1.545
	0.485
	

	
	18
	R8c
	2.006
	0.357
	

	
	19
	R8d
	2.314
	0.296
	

	
	20
	R8e
	0.290
	0.486
	

	
	21
	R8f
	0.889
	0.152
	

	
	22
	R8g
	1.041
	1.235
	

	L4
	23
	1
	7.563
	2.092
	Mesci et al. 2020

	
	24
	2
	12.529
	1.898
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