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    The Mw7.8 and Mw7.6 Kahramanmaras earthquakes of 6 Feb 2023 in SW Turkey resulted in more than 500 km of surface rupture with surface offsets >5 m (Karabulut et al., 2023). The earthquakes triggered 5 mm of slip on the North Anatolian fault at Ismetpasa, but only 1 mm of slip on the East Anatolian fault at Sivrice. In both these events the amplitude of slip corresponds to the release a local creep slip-deficit that had developed at each site prior to the earthquakes. In March we installed ten carbon-rod extensometers (lengths 5-26 m, resolution 3 µm, range 1.6 m and 1 minute sampling rate) across segments of these faults to investigate whether the faults were locked or whether afterslip was occurring. Of these, seven recorded fewer than five mm of slip, indicative of locally locked faults. Some of these extensometers were redeployed, one as a 52m long creepmeter.  Continued surface creep occurs at both ends of the second shock and in the Puturge Gap, between surface rupture in 2020 and 2023 west of Sivrice.
     At Goksun near the northwestern end of the Mw 7.6 rupture we recorded surface slip preceding local aftershocks, including a unique record of accelerating afterslip. In July 2023, a doubling in this slip rate led to concern among colleagues that a large aftershock might follow. Nine hours following this email exchange a Mw=4.7 aftershock occurred. Subsequently, we installed an orthogonal instrument here which revealed that little sinistral slip accompanies fissure dilatation. 
     The eastern end of the Mw7.8 rupture terminated in a region known as the Puturge gap, a segment of the fault that had also arrested slip in the Sivrice 2020 Mw6.8 earthquake. The array of five extensometers installed here, including one 52 m long, reveals that creep continues at depth but that surface slip has yet to rupture the surface.  In September two of these creepmeters 45 km apart recorded events in the subsurface.  To investigate the evolution of subsurface slip in this segment a 3-component 1-km-scale cGPS array has been installed recording at 5Hz. 
    The afterslip investigation reports data from 11 locations within a 70,000 km2 area and is unprecedented in scale and data return. Previous Mw≤7 afterslip studies have deployed fewer than 3 extensometers in an area ≤900 km2. Initially the past day, week or month of telemetered data could be viewed on line, however, a Government policy change in Turkey rendered our telemetry system innoperative after about 4 months, and remaoning susytems operate on solar panels with autonomous recording.
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Figure 1 Location of creepmeters on the East Anatolian fault as of October 2023.  Coseismic slip in red and 2023 afterslip in blue. The earthquakes were recorded as a 1.1 mm coseismic offset at Sivrice by a creepmeter operating since the February 2020 Elazig earthquake.  New instruments were located in regions close to the end of the coseismic ruptures or in locations where an apparent slip deficit existed in early InSAR scenes of the earthquakes. 

Coordinates of East Anatolian Fault creepmeters from west to east (exponents indicate page#)

	Location
	System
	latitude
	longitude
	length
	obliquity
	start

	Balikburnu15
	e33.35
	37.9903
	38.1990 
	5 m
	30°
	20 Mar

	Goksun12
	e31.33
	38.0060
	36.5267
	6 m
	30°
	10 Mar

	Gozene17 
	e33.36
	38.1759 
	38.0103
	5 m
	30°
	14 Mar

	Hassa11
	e32.37
	36.8006
	36.5185
	5 m
	30°
	6 Mar

	Hatay9
	e33.39
	38.3870
	36.2803
	26 m
	30°
	5 Mar

	Karakose*19
	oblique
	38.0697
	38.4983
	6 m
	30°
	4 June

	Karakose*20
	orthogonal
	38.0697
	38.4983
	12.5m
	90°
	4 June

	Kirikhan9
	e33.38
	36.4791
	36.3339
	5 m
	30°
	4 Mar

	Ormanici18
	e31.40
	38.2113 
	38.7732 
	16 m
	30°
	2020

	Palu North23
	d23
	38.6990 
	39.9537
	8 m
	30°
	2014

	Sivrice*22
	vertical
	38.3880
	39.1873
	16 m
	30°
	2020

	Tasmis*21
	e33.42
	38.2049
	38.7872
	52 m†
	30°
	23 Mar

	Yazica East∞ 20
	e33.47
	38.1791
	38.7426
	20 m
	30°
	6 Sept

	Yazica West19
	e31.41
	38.1806
	38.7361
	5 m
	35°
	22 Mar


Coordinates of North Anatolian Fault creepmeters near Ismetpasa 
	Cerkes6
	vertical
	40.8947 
	32.7773
	20 m
	30°
	2017

	Hamamli6
	d25
	40.8729
	32.6603
	13 m
	30°
	2017

	IsmetpasaN*6
	LVDT
	40.8698 
	32.6258
	16.5 m
	30°
	2014

	IsmetpasaS*6
	d14
	40.8697
	32.6258
	20 m
	30°
	2017

	West Sazlik6
	vertical
	40.8692
	32.6194
	30 m
	30°
	2017


(* telemetered initially but now data logger,  ∞ installed near paleoseismic trench. †Tasmis was originally 9 m.


Kahramanmaras afterslip measurements: motivation and strategy

Fault rupture in an earthquake terminates when it encounters a stiff barrier (a bend, jog, offset or velocity strengthening zone) or when strain in the flanks of the fault falls locally below that necessary to fuel fracture. Either of these conditions results in a slip deficit on the fault that will be released in a future earthquake or as aseismic afterslip. Recent studies show that creeping faults act as a barrier to fault slip through slip-velocity strengthening processes.  The observation supporting this is that slip on a shallow creeping fault following subsurface rupture may be delayed for several days, but when once initiated surface decays logarithmically to background fault-creep rates over a period of months or years (Bilham, 2005; Brooks et al., 2017; Nevitt et al., 2020). In particular, surface rupture in the January 2020 Mw=6.8 earthquake on the East Anatolian fault at Srivice was manifest 4.5 days after the earthquake and continued for about 18 months decaying to a creep rate of ≈3.8 mm/year (Cakir et al., 2023). This background creep rate was interupted by the 2023 earthquake sequence. 

The first Kharamanmaras earthquake on 6 February [Mw=7.8 at 01:17:34 37.166°N 37.032°E at 10 km depth depth] was preceeded (12 s earlier) by a Mw7.0 foreshock (Fatih Bulut, personal communication) although the USGS mainshock time cited presumably includes the time of this foreshock. At 10:24:49 a Mw7.6 earthquake occurred [38.008°N 37.211°E at 13.1 km depth]. The three earthquakes resulted in more than 425 km of surface rupture and were followed by numerous aftershocks, a death toll approaching 60,000 in Turkey and Syria, and by an estimated $90 billion in economic losses.

InSAR scenes available shortly after the earthquake showed regions of reduced sinistral slip, both at the tips of the main ruptures or at local transtensional or transpressional jogs that were considered targets for afterslip measurements.  The most interesting of these regions is the NE termination of the first mainshock at the transition zone to the surface rupture of the 2020 Mw=6.8 Elazig earthquake, whose rupture had been arrested by surface creep (Cakir et al., 2023). 

Although afterslip measurements are most effective when initiated immediately after an earthquake, installations in the Kahramanmaras region were delayed by 3 weeks due to the slow delivery of telemetry and parts for the extensometers, and by bad weather in parts of the epicentral region. In the first three weeks of March a team of three traveled 7000 km gathering data, refurbishing earlier instruments, and installing new instruments at selected sites. 
[image: ] 
Figure 2 Fault afterslip data March-December.  Data were interrupted by a government shutdown of foreign telemetry systems.  Sites labled on left have been discontinued; those labeled on right continue to be recorded.  See site descriptions below for details.  

Four extensometers at Ismetpasa on the North Anatolian Fault operating before and during the earthquakes recorded 5-6 mm of triggered slip (a typical year’s slip budget) in the month following the mainshocks.  The Sivrice creepmeter on the Elazig earthquake rupture recorded 1.1 mm of triggered slip with no afterslip.  Afterslip on the main coseismic ruptures, where coseismic slip of 1-5.4 m had occurred, has typically amounted to less than a few mm. In some locations the post-seismic response consisted of apparent retrograde displacements as surface fissures responded to gravitational collapse or fault zone flooding during heavy rain.  Figure 2 illustrates the ensemble data following the earthquakes.  The following pages provide a description of each creepmeter installation and charactristics of its data.

Description of creepmeter operation and installation
A creepmeter is an extensometer that measures linear-strain or displacement between its two ends. The afterslip creepmeters have a resolution of 3 µm (≈0.2 µstrain) and a range of 1.8 m, and consist of 4-mm-diameter, carbon-fiber rods buried at 30 cm depth within 15-mm-ID plastic pipes at ≈30° oblique to the surface fault. (Bilham and Castillo, 2020). The 5 m to 26 m long carbon rod is anchored rigidly to a quadrapod on one side of the fault. Each quadrapod consists of four steel rods driven to 1 m depth.  At the other end, the rod is held in 1 N tension by a fine wire wrapped around the 3.2 mm diameter shaft of a continuous turn 0-360° Hall effect sensor. The wire is spooled from a constant-tension spring motor with a range of 1.8 m, fastened to a similar quadrapod arrangement on the far side of the fault.  Slip on the fault rotates the shaft of the Hall sensor, each 360° rotation corresponding to 10.05 mm of fault slip. The recording system has a resolution of 3 µm and a linearity of <0.3%.  The thermoelastic response of the system is approximately 3 µm/°C/m, a value that represents the in-situ difference in thermoelastic expnsion of the ground and the carbon rod. Data are recorded once per minute on a local data logger or telemetry module, and are either logged locally or transmitted hourly using cell telemetery.  The system is powered by 9V, either at 15 mA continuously, or at an average current of 50 µA when powered by a 120 ms pulse from the recording system once per minute. D-cell batteries will operate the system for a year. A fast recording rate of 1 Hz with a 20 day wrap can be used in cases where slip is anticipated to be rapid.
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Figure 3a Schematic arrangement of tensioning, measurement system and installation hardware.

[image: ][image: ][image: ]
Figure 3b  3-D printed tensioning measurement system, quadrapod anchor and a close-up of the 0.15 mm diameter, 19-strand, teflon-coated, stainless-steel wire encircling the shaft of the Hall sensor. 

Installation procedes first by selecting a suitably narrow segment of fault and choosing two end points to provide a 30° oblique crossing of the fault zone, an obliquity that is a compromise between measuring a large component of fault dilation (e.g. at 45° the extensometer would measure equal amounts of fault opening or strike-slip) or requiring an excessively long instrument to cross the fault (e.g. a 5° obliquity would require three times the length of a 30° creepmeter). 50-cm-diameter pits are first excavated at each end to ≈40 cm depth and quadrapod anchors driven into place. This depth typically reduces diurnal thermoelastic signals to less than 30 µm/day.  In soils it is possible to drive four 1-m-long steel rods with a 10 kg hammer in less than 15 minutes.  If rocks are encountered the rods must be cut at refusal depths,  or the end mounts shifted to permit penetration.  
Having determined the end depths and positions, a trench is then excavated between the two ends using a taught string to guide the path and excavation depth. It is important not to over-excavate the depth of the trench to avoid settlement which arises if the over-deepened segments are imperfectly compacted to subsequently level the path of the pipe. The measurement head and passive clamp are then positioned on each quadrapod and adjusted to line up with string. A 14 mm internal diameter PVC pipe is next positioned at the base of the trench joined with silicon-rubber flexible sleeves.  The pipe length is adjusted to be 20 cm shorter than the distance between the two ends, and two 40 cm long 13 mm outside diameter transparent tubes are slid telescopically into each end to bridge the resulting 10 cm gap.  At this point a carbon-fiber rod is terminated by a crimped 6-32 femaile thread is inserted within the tube,  and clamped to the passive end.  The measurement wire is terminated by a loop clamped to a short brass rod with a 6-32 set screw that screws into the stainless sleeve at the free end of the carbon rod.  With the rod and wire in place the transparent sleeves are then slid into the end supports and a transport clamp removed to activate measurements. The tubes exclude dirt (but not subsurface water) from the measurement path.  The entire assembly can be completed by three people in 2 hours with shovel and a pick, but typically 4-5 hours may be needed if rocks are encountered during trenching, or if the trench exceeds 10 m in length.
	The extensometer tensioning systems have evolved in the past few years to improve their performance.  The most recent versions are 3-D printed from PETG plastic to support its ten ceramic or glass ball-bearings.  A pair of roller guides maintains the position of the wire on the shaft of the Hall sensor to reduce hysteresis. Most systems use a 16-turn nylon-feed spool which provides a 1.8 m operating range, but some system use an increased diameter to obtain a 2 m range.  The 12-bit resolution of the Hall sensor is approximately 2.5 µm, and although it will operate in 100% humidity or under-water for several hours with no ill effects, where prolonged flooding is anticipated a vertical system is installed. In this modified vertical arrangement,  the tensioning housing is supported within a downward -facing sealed cylinder that acts as “diving-bell” to prevent the Hall sensor from immersion.  The measurement wire is directed from horizontal to vertical via a precision wheel pivoting on sealed ceramic (rust proof) bearings. A water depth sensor records the times and depths of flooding.

Local purchases Although the measurement components of the creepmeter are compact and easily portable, a number of large items must be purchased locally: plastic water pipe, steel reinforcing bars (or 14 mm screwed rod), and 4-cm-square steel tube to support the transmitter and solar panel. These were readily available in stores in the meizoseismal area.  In the past we have used irrigation sprinkler boxes to access the sensor after installation, but in the Kharamanmaras study the sensors were directly buried, leaving only the recording systems accessible at the surface. 

Installation permissions After establishing the suitability of a fault site as an afterslip measurement location we contacted the local owner of the land to seek permision to operate the instrument.  In all cases this was readily approved, and not infrequently the land owner assisted us in installing the instrument. 

Data recovery  The transmitted data are public available within minutes of acquistion on line at
https://dashboard.hobolink.com/public/East%20Anatolian%20afterslip  A 1 hour latency may occur if a transmission has just occurred. Locally recorded data must be accessed manually.
	
Data loss due to government terminated telemetry
 	Due to an unannounced government policy, Turkish cellular services unilaterally terminated each of our telemtery systems after 2-3 months of operation.   The policy was imposed to prevent imported smart phones from operating in Turkey without paying a tax to the government.  Further aggravating the issue, non-Turkish citizens are not allowed to pay this tax ($600 per SIM card).  A further restriction is that even Turkish citizens cannot pay the tax, unless they can prove they have lived in for a prolonged period in a foreign country and recently returned to Turkey. Hence there was no means to circunvent the loss of data. 
	As a result of this policy, each of our transmitters went silent during the year.  After discovering the cause of the telemetry failures  in October we replaced all transmitters with battery operated data loggers.

Battery longevity  
[image: ]	The battery powered systems either use either 7 or 8 alkaline D-cells to power the transducer for a year. The UX120 data logger is designed to run for a year on AAA batteries (memory is sufficient for 1.7 years at 1 sample per minute), however, the 2.4V pulse provided to the electronic drive board reduces AAA life to 4-5 months.  To permit a year of unattended operation an external battery replaces the internal battery. In July a retrofit consisting of sprung-loaded gold-plated contacts replaces the battery. This external battery holds two C-cells or two D-cells.  The earliest configuration (two AAA data logger batteries, and eight AA batteries) operated intially at Palu.  In June 2023 we replaced this with a ten D-cell system.

Figure 4 (left) shows the recording package at Yazica - a bank of 7 D-cells (4+3 in series) and a pair of D-cells powering the data logger.  A design flaw in available battery holders is that the negative contact spring is insufficient to slide the cells against the positive contact without initial additional force from a screw driver or similar. Some data were lost due to poor contact in these battery holders.  


Ismetpasa: 40.8697°N, 32.6258°E.  Triggered slip was recorded at three locations and four instruments on the North Anatolian fault (500 km from the mainshock): Sazlik, Ismetpasa N & S, and Hamamli, and afterslip was recorded at Cerkes. It is probable that slip was triggered along a large segment of the fault beyond that documented by the creepmeters.
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Figure 5A Sazlik is 490 m west of the Ismetpasa wall offset, and Hamamli and Cerkes are 2.96 km and 13.63 km to the east of the wall respectively.  Slip of ≈1.5 mm was triggered during the passage of surface waves from each of the two mainshocks. Thirty days later a creep doublet propagated from east to west from Hamamla to Ismetpasa over a period of 11.5 hours (at 0.25 km/hr).  Maximum dextral slip amounted to 7.6 mm, 25% more than the annual creep rate.


The data from all four creepmeters at Ismetpasa in February were interrupted by power failures caused by snow cover. These were partly fixed by Fatih Bulut and Asli Dogru from Kandilli Observatory in the week after the events, but not entirely fixed until mid March. The 3g transmitters that previously transmitted their data had all failed due to a Turkey-wide shift to 4g. Snow covered the Ismetpasa 4g solar panels for weeks preceding the event, but cleared for a few hours during the event. The Cerkes data logger stopped 3 days before the earthquake.  The Sazlik data logger stopped 6 days after the earthquake, and the Hamamli logger stopped briefly during the subsequent creep doublet on 3 March.
      Creepmeters at Cherry, East Sazlik and Petrol were dismantled with a view to replacing them with future submergible systems later.
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Figure 5B Approximately 3 mm of slip was induced 6-15 Feb at Ismetpasa initiated during the arrival of surface waves from the two earthquakes.  An additional ≈3mm slip episode propagated westward 3 March.   Data from the Ismetpasa array were interupted by weak batteries in the data loggers and transmitter (snow on solar panels).  Maximum dextral slip of 7.6 mm occurred at West Sazlik which retained its datum during the long power outage shown in the figure. The creep doublet on 3 March propagated east to west at 0.25 km/hr.
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Figure 5C The first 25 minutes and the first 25 hours after the Kahramanmaras earthquakes recorded by three instruments on the North Anatolian Fault at Ismetpasa. Slip was initiated by the surface waves. A remarkable feature of the first three minutes of triggered slip is the dextral/sinestral pulse recorded by the West Sazlik creepmeter that we attrribute to forcing by the Mw7.8 Love wave.
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Figure 5D Nine years of creep at Ismetpasa reveals that a “time-predictable” creep event was pending at about the time of the Kahramanmaras earthquakes. Moreover,  the amplitude of maximum anticipated slip (8 mm) is comparable to the slip that occurred (7.6 mm).  Telemetry ceased at West Sazlik in July-August 2022, but the missing slip (7.9 mm) was preserved by the displacement transducer.  Hence at both locations, less than 0.5 km apart, the creep event was induced (triggered), but its amplitude was not supplemented by the Kahramanmaras earthquakes.

Kirikhan  36.4791°N, 36.3339°E, 5 m length. Installed 4 March 2023

[image: ]   [image: ]
Figure 6A. Kirikhan creepmeter installed 4 March on west facing slope near edge of road that had been offset ≈1 m during mainshock.  A fence was placed around the transmitter box to keep stray dogs and sheep from the cabling.

The site was selected because slip here (1-1.5 m) was considerably less than that observed a few km to the north (3 m).  The creepmeter has recorded less than 1 mm of  dextral slip in the past month (3.6 mm/yr) with two reversals,  the second of which we attribute to rain. Current dextral rates are ≈0.1 mm/day (35 mm/yr).
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Figure 6B Initial data from the Kirikhan creepmeter shows 20 µm diurnal signal with afterslip interupted by reversals caused by heavy rain.   In September the transmitter was replaced by a local data logger after data transmissions were interrupted by changes in communication protocol by Turkish telecom.


Hatay: 38.3870°N, 36.2803°E,  length 26 m, obliquity 30°, installed 5 March
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Figure 7A. The 26 m long Hatay creepmeter was installed 6 March next to a road with multiple fissures crossing a former lake bed a few km north of the Hatay airport and is the southernmost of the sites we instrumented. We spanned about five (≈4-cm-wide) fissures near a road repair with apparent sinistral offset of about 1 m.  In the 6 months following installation the creepmeter recorded 20 mm of contraction. It is probable that the main rupture passes to the northwest of the creepmeter location.  A nearby methane seep detonated during the mainshock and, according to villagers, burned for about 5 hours.  The region of this methane vent subsided in a minor graben that at the time of the visit had been flooded to a depth of more than 1.5 m. 
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Figure 7B First three weeks of data from Hatay shows 0.18 mm/day of linear contraction across co-seismically-opened fissures in former lake sediments.  Contraction exceeded 25 mm is believed to arise from gravitational closing of open fissures. The instrument was removed in July 2023.
[image: ]Hassa: 36.8006°N, 36.5185°E, 5 m length
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Figure 8A. The Hassa creepmeter was installed at a location where 3.5 m of coseismic slip had occurred.  The instrument is 5 m long buried across a pull-apart rupture at 30 cm depth. Large boulders were found at shallow depth, one of which was used as the passive anchor for the instrument.  The instrument box was buried completely beneath coarse gravel with the
 junction box and temperature sensor buried above it.
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Figure 8B Three weeks of data from Hassa show less than 1 mm of cumulative displacement.  Steps on 14/15th March respond to local aftershocks but we are not aware of any on the 25th.   Heavy rain may have initiated the slip event and its reversal. Two creep events added a further 3 mm of slip subseqhent to which the fault showed negligible further afterslip.  The instrument was removed in August 2023.


Goksun: 38.0060°N, 36.5267°E, 6 m
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[image: ]Figure 9A. The Goksun creepmeter was installed across a track bordering the edge of a field near a concrete aqueduct at low angle to the fault that had been compressed longitudinally by about 1.2 m of sinistral slip.  The view of a nearby offset track is shown lower left and was taken looking SSE from near the sinistral slip arrows shown in upper figure.  The soil was devoid of rocks and reasonably well drained to the south.  The transmitter was sited to avoid being shaded by summer foliage.
Figure 9B Afterslip April-June 2023  compared to cumulative moment release (grey) and synthetic PGA from indicated ML earthquakes,  ±15 km from Goksun extensometer.  
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Figure 9C Depth section of West-East seismicity, ±15 km from Goksun extensometer indicated by arrow.  A default solution depth of 7 km dominates the catalog; an envelope illustrates the seismogenic zone highlighted by microseismicity.   A ML=1.6 aftershock at  <1 km depth occurred 9 km east of the creepmeter on 30 May shortly after the start of accelerated creep 27 May.

Figs 9D-F Unusual features in Goksun data; triggered slip vs precursory surface slip, and slip reversal

[image: ]Several jumps occur in the record, where >0.2 mm of slip is recorded between samples, i.e. less than a minute.  Although these have the appearance of frictional artifacts in the sensor, with few exceptions they do not coincide with calculated accelerations from Mw.4 earthquakes.  For example, the Mw-5 earthquake on 3 May causes a jump of 20 µm whereas a few hours earlier the extensometer records 220 µm of slip following a slight acceleration in surface slip.  In the second example below , none of the jumps in the record correspond to large accelerations , but precede local shocks by ≈30 minutes.
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A second unusual phenomenon is the minor decrease in sinistral slip that occurs shortly after some of these surface offsets (e.g. left).  This is believed to arise from dilatation during each of the inferred slip events.  The fault here is a sequence of en-echelon cracks which widen when sheared.  We assume that the instrument records the local contraction of the fault zone as dilation relaxes after a slip event.




Accelerated slip?   The rate of slip to 19 June indicates monotonic acceleration.  Between 16 and 19 June the fault slipped twice as much as in the preceding 3 days, the rate changing abruptly from 0.14 to 0.48 mm/day.  We considered the acceleration sufficiently unusual to email collaborators that we may be observing preseismic slip leading to a local Mw≥4.5 earthquake, typical of previous aftershocks in the local area (Figure 9G). A Mw=4.7 earthquake occurred 9 hours later.
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Figure 9F simplifies the afterslip as a gradually accelerating process over three months. The current rate of 2 mm/week is twice that anticipated from this smooth acceleration. The character of surface slip after the M5 aftershock, changes from abrupt shallow stick slip events (complete in <1 minute), to log-decay events with durations of hours (indicated by dates),  and on 16 June to steady accelerating slip. An attenuation law suggested by Atkinson (2020) has been used to calculate accelerations from local aftershocks near the creepmeter.
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Figure 9G. Acceleration 16-19 June approximately doubled compared to that in the preceeding week leading us to alert collaborators via a 12:33 19 June email that an Mw≈4.5 aftershock may be imminent. The short email exchange between investigators following this announcement was interupted at 21:21 by news of an Mw=4.7 aftershock.  Following the aftershock, surface slip slowed, but acceerated a few days later with an abrupt 3 mm displacement across the surface cracks that we consider may have been an aseismic dislocation propagating from the Mw4.7  along the fault beneath the creepmeter.  A more complete analysis of this event is pending the availability of re-located aftershocks (September 2023).

A glance at Figure 2 shows that this unusual accelerating sequence was followed by an unexplained 6 mm reversal in slip in late July (before a Turkish telecomm data telemetry shurtdown). A visit to the site in September replaced the transmitter with a local data logger whose data were retrieved at the end of September.  We believe the reversal in slip is the result of gravitational collapse in the open fissures at the site possibly at the time of heavy rain. The absence of data between 29 July and 6 September is a vexing gap that we will be unable to fill.


Balikburnu: 37.9903°N, 38.1990°E , length 5 m, obliquity30°

[image: harita içeren bir resim

Açıklama otomatik olarak oluşturuldu] [image: ]
Figure  10a. The Balikburnu creepmeter was installed across a 5.3 m rupture offset in sediments at the side of a road (the stalks are from a tobacco plants) south of the village of Balikburnu. A local recording system records the data.  It is powered by a bank of D-cells .
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Figure 10b View north showing 5.3 m sinistal offset of track at Balikburnu
[image: ]
Figure 10c Data from this site show minor dextral contraction symptomatic of gravitational collapse of the open fissures present at the time of installation.  In the absence of afterslip in early September the instrument was removed.


Gozene: 38.1759°N, 38.0103°E, length 5 m, obliquity 30°, installed 14 Mar
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Figure 11. The Gozene creepmeter was installed across a new rupture in the village of that name.   The instrument adjoins the road a few meters to the south of a ruptured water tank with about 80 cm of offset, in surface soils containing numerous rocks. D-cell batteries power the system. 
[image: ] [image: ]
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The data from Gozene show less than 1 mm of afterslip (Figure 2) with curious reversals at intervals of several weeks.  We suspect these reversals may result from slip on subparallel fissures.

Ormanici: 38.2113°N, 38.7732°E, 16 m
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Figure 12. The Ormanici creepmeter was installed in 2020 near fissures that had widened by ≈1 m (Tatar et al., 2020). Unfortunately the rod in the sensor became detached from the measurement wire immediately following installation in 2020 and no record was obtained. In 2023 cracks on the original fissures were reactivated, with 4 cm of apparent sinistral offset (center photo), consistent with InSAR imagery left (Cakir et al., 2023).  Subsequently no slip occurred on this branch of the fault (Figure 2).  Instead slip switched to a second branch of the fault ≈1 km to the south. (image left). In March, cracks in a stream bed on this second branch (38.222321N, 38.815218E) showed 1-2 cm of sinistral offset but these cracks were lost when the river flooded.

Measurements at this site were beset with difficulties. The initial instrument in 2020 recorded no data. The replacement in 2023 operated correctly but its temperature sensor was severed by farming activities. Transmissions ceased in July 2023 and the replacement unit flooded.  A drain was dug in 2024 but the instrument was again damaged by local farming activites, and the electronic system lost during plowing. 
[image: ] 
Figure 13 Data from Ormanici (displacement red trace, barometric pressure brown trace, temperature blue trace). The extensometer at Ormanice recorded no afterslip.  The record shows noisy contraction and extension between March and 29 July when transmissions ceased. Data after July are unreliable due to flooding and unknown farming activities which ultimately destroyed the instrument in 2024. 

Yazica West: 38.1806°N, 38.7361°E, length=5 m

[image: doğa, kanyon içeren bir resim

Açıklama otomatik olarak oluşturuldu]  [image: ]
Figure 13. The Yazica-west creepmeter was placed across a branch of the 2020 Elazig earthquake. Central blue circle. Villagers in a nearby house reported minor cracks appearing acr oss the fault after the 6 February earthquakes and a creep event was recorded there 16September.  The photo shows the NW corner of a house in front of which the 2020 and 2023 cracks passed towards.  The white pipe indicates the installation path of the sensor.
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In June the passive and active ends were reversed (the sensor and data logger were placed at the downhill end of the creepmeter so that it would not be in the way of the owner of the house).  1.5 mm of contraction has occurred between March and September 2023, but a sinistral creep event was recorded here 14 Sept.  The instrument operates from batteries.

Yazica East: 38.1791°N, 38.7424°E, 30° oblique length=20 m. Interred depth 1-1.5 m

[image: ]The creepmeter was installed in line with a fault trace exposed in a nearby paleoseismic trench excavated by Mehmet Kokum.  The passive west end lies about 8 m from this trench and the 20-m-long measurement rod crosses the fault at 30°.  The measurement system is a vertical axis submergible sensor E33.47 with a down facing diving bell and protective cover irretrievably buried at a depth of about 1.5 m at its eastern end.  A backhoe both dug the trench and filled it and there was no possibility to construct an inspection vault.  The data logger has been placed in a down-facing insulated plastic box on the surface directly above the sensor and covered with rocks.  The photo faces northeast and is aligned with the creepmeter and its sensor end is marked with a white pipe.  [image: ]
[image: ]
(Top left) View along buried Yazica East creepmeter installed 28 September.  (Top right) View east wall of trench with fault covered by ≈50 cm of colluvium (Lower panel) post-seismic Sentinel interferogram (processed by Kang Wang) showing locations of creepmeters and proposed cGPS sites.  Black line indicates approximate location of fault. The Tasmis cGPS array was installed in late September. 



Tasmis: 38.2049°N, 38.7872°E, July length 11 m, 27 Sept length increased to 52 m 
[image: ]
An 11 m creepmeter was located north and above what appears to be a recent rupture of a 100 m wide gouge zone exposed in a road cutting south of the river. The instrument was installed near the center of the cutting (between the standing figure and a white quartz boulder on the surface. A laminar slip zone is evident in the section (above the yellow shaded NE moving part of the fault,  samples from which were submitted to Johanna Nevitt (USGS) for analysis.  The surface above the fault appears to have been compressed or extruded as an almost imperceptible NW verging thrust above the figure extending >10 m into the field above the cutting parallel to the fault.
[image: ]

 
[image: ]Figure 14. Tasmis 11 m creepmeter during installation and close up of the fault section. Three cGPS NetRS receivers were installed in late September to record subsurface slip and three additional sites were installed for future campaign measurements. 
[image: ] 
[image: ]Figure 14 b Topographic cross section through the fault near Tasmis. Close up and coordinates of the most north-western cGPS point (to be measured in November 2023, and view of 52 m trench prior to burial of creepmeter.
[image: ]


[image: ]

[image: ][image: ]  
At the end of September the Tasmis extensometer was replaced by a 52 m long creepmeter at a depth of about 1.3 m with azimuth N80E south of the road. The fault here strikes ≈N50E.  The passive end adjoins the road and the active end (about 2 m lower) is installed near a stream gulley into which two 4 m pipes drain the sensor vault. The slope to the gulley reduces overburden access to the sensor to a depth of ≈50 cm.  The current instrument is both transmitted and recorded locally at 1 sample per minute.

[image: ]

Fig 14 C New Tasmis Data. Two weeks of data from the 52 m long creepmeter showing transmitted displacement in mm. A nearby Mw=5.1 aftershock offset the record 24 Oct with no change in rate. The offset occurred between 1 minute samples, suggestion instrument instability (strong motion shaking) but the absence of overshoot (backlash or hysteresis) suggests that the aftershock resulted in incremental strain within the 25 m fault normal aperture of the instrument.  If this is the case, the measured signal may be measuring the strain from a dislocation moving steadily at depth.  On 16 Sept (four days before this instrument was installed) a creep event propagated northward at ≈2 km/hour between Yasica and Sivrice. (Figure 15).

Since 52 m is almost twice the length of the longest extensometer installed hitherto, its early performance is of interest.  The signal increments at the time of diurnal temperature increase suggesting thermal expansion of the ground overcomes friction in the pipe/tensioning system, and that hysteresis is responsible for the plateau between these diurnal increments, masking a contractional cycle of a few microns.  It is possible that the instrument currently records strain associated with subsurface slip. Full scale 400 µm in the plot corresponds to ≈2x10-6 strain.




Srivice, vertical sensor at 1.5 m depth, 38.3880N, 39.1873E, length 16 m, obliquity 30°
[image: vadi, kanyon içeren bir resim

Açıklama otomatik olarak oluşturuldu][image: ]
Figure 15A. Location of the Sivrice creepmeter. The Sivrice instriument was installed 12 days after the 2020 Mw6.8 Sivrice earthquake and has operated continuously since then. Data were collected by Mehmet Kokum, most recently two weeks before the earthquakes, and during a subsequent visit in March.  Telemetry was installed in June and continues to the present. A backup autonomous recording system operates in case of loss of telemetry.

Afterslip since 2020 is shown in Figure 15A.  Afterslip since the 2023 earthquakes is shown in Figure 15B.  Since late 1021 the creep rate has approximated 3.8 mm.year.
[image: ]
Figure 15B Coseismic and post-seismic displacements at Sivrice to September 2023.  The apparent cessation of slip from 25 November to two weeks after the earthquake coincides with a period of frozen ground.  Triggered slip induced during the surface waves of the Mw7.8 and 7.6 earthquakes overcame this retardation and slip was resumed when the snow melted as indicated by the time that the temperature record at  0°C rose above zero. 
[image: ] 
Figure 15 C A double creep event 14-17  Sept propagated 45 km from Yasica West to Sivrice in 18.9 hours at 2.3±0.1 km/hr. Minor reductions in rate at Ormanici and Yasica East accompanied the slip events.  The amplitudes of events reduced northwards, the first event by a factor of ten, the second only by a factor of two. The events in the creep doublet are separated in time by about 48.7 hours both at start and end.  No rain occurred in the month of September
[image: ]

The amplitude of the creep events at Yasica West are small (212 µm and 47.6 µm) but each has a duration of several hours and the time history is consistent with creep events elsewhere.  The amplitudes of the creep events at Sivrice are yet smaller (16.9 µm and 26.1 µm) but have similar time histories.  The ability for a trivial amplitude double-fault displacement to propagate 45 km with minimal attenuation and effectively no dispersive evolution is considered remarkable and may arise because it represents the surface from a significantly larger propagating event in the subsurface.  For example, it is possible that the observed signal is not surface slip but the shear strain signature of this deeper process. Maximum strain at Yasica corresponds to 4x10-5, and the minor reductions in rate at Ormanici and Yasica East may correspond to the relaxation of flank strain near the fault due to the passage of this inferred deep-seated dislocation.

Palu North, 38.6990°N, 39.9537°E, 8 m long fastened to wall of 50-m-deep rail tunnel.

[image: kaya, taş içeren bir resim
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Figure 16A. Palu creepmeters.  Two creepmeters were operated here until tunnel repairs 2021/2 destroyed both sensors.  As a result no 2023 coseismic slip was recorded.  The north sensor was repaired in March 2023, but the south sensor was returned to Boulder for repair.
[image: ]
Figure 16B Five years of creep from the north and south walls of the railroad tunnel that crosses the East Anatolian fault beneath Palu Castle. The faster rate from the south sensor arises from its 16-m-measurement-length compared to 8 m for the northern instrument. Neither of the Palu creepmeters were operating at the time of the Kahramanmaras earthquakes due to damage from tunnel engineering activities.  The north sensor was repaired in March 2023. Its subsequent temperture corrected rate is similar to that before the February earthquakes (figure 16C).


[image: ]

Figure 16C  The Palu creepmeter is exposed to air flowing through the railroad tunnel with a daily variation of about 4°C.  Trains act as pistons, propelling outside air through the tunnel at 30-60 km/hr and causing thermoelastic fluctuations in the sensors at ten minute periods. The seasonal effect (a tunnel lining expansion effect at >monthly periods)  amounts to 0.25 mm/°C and is superimposed on a diurnal variation of 0.025 mm/°C (a direct effect on the instrument). When the tunnel lining thermal contribution is removed from the creep record the resulting signal indicates < 1mm of slip March-September 2023 (red trace). The smooth data June-Sept results from the suppression of high-frequency noise from a faulty battery pack during this time period which required interpolation to elimate spikes in the record.

Summary of March-December afterslip data

Afterslip typically increases coseismic slip and decays asymptotically over a period of several months or years, as was observed following the Sivrice 2020 earthquake (page 23 above).  The data from most of the thirteen extensometers reported here show no significant afterslip. We interpret this absence of afterslip to signify that slip on the fault in most regions was all over in a few minutes and that subsequent fault zone adjustments were largely local and gravitational in nature.  Open fissures closed as the fault zone materials were softened by rain, or local stresses were relieved by gravitationally induced collapse near the fault. These adjustments typically amounted to ≤3 mm and continued measurements at these localities was deemed unjustified.  At Hatay dextral slip or fault contraction amounted to 23 mm across wide-open lateral spreading features (see figure on page 10). InSAR data here indicate that the monitored fissures were secondary to the main fault roughly 1 km to the west.

Two locations, however, remain of significant interest from their implications concerning the response of the faults to coseismic slip deficits and their moderation by creeping segments of the fault. 

The first is at Goksun, at the western end of the Mw7.6 rupture and the locus of numerous aftershocks.  Prior to losing transmission in July, and from subsequent locally recorded data, we recorded accelerating creep - the opposite of afterslip decay. To our knowledge prolonged (weeks) accelerating creep has never before been documented on a creeping fault.

On 19th June following an abrupt 3 day acceleration in fault slip at Goksun, from 0.14 mm/day to 0.48 mm/day we alerted colleagues to a possible pending Mw≥4.5 event.  This promoted a brief email exchange about the probability (or not) of increased seismicity. A local Mw4.7 aftershock occurred nine hours after the initial forecast and during this email exchhange.   The site is unusual in that we also measured aseismic slip events preceeding local aftershocks, although it is possible that unrecorded small magnitude aftershocks accompanied these slip events.  The transmitter was replaced with a local data logger in September which contines to record high rates of slip (Figure 2) but due to a cycle slip ambiguity we are uncertain whther the cumulative slip is now14, 24 or 34 mm.  To provide insight into the coupling between it would appear desirable to add additional creepmeters here,  supplemented by an arc-tan GPS array of the sort we implemented in the Puturge gap.

The second region of interest is the transition zone from the Mw7.8 coseismic rupture (5.3 m at Balikburnu) to the creeping segment of the fault known as the Puturge gap.  Here, despite a careful search for surface ruptures assisted by interferometric and sub-pixel correlations of spot imagery, it was not possible to identify an active surface trace on which to install creepmeters.  Although up to 30 mm of afterslip has occurred in the subsurface, as of September 2023 with one exception no clear indications of localized surface slip have appeared.  The exception is evidence for a weak pushup feature overlying the Tasmis fault exposure.   In September we densified surface measurements ±200 m from the fault here using continuous cGPS monuments and installed a 52 m long creepmeter to capture anticipated surface creep.

On 15 September a 0.25-mm-amplitude double creep event propagated from Yasica West to Sivrice, a distance of 45 km in ≈19 hours. The separation of the two events was ≈48.7 hours at each location and the event propagated from SW to NE at 2.3 km/s away from the Mw7.8 rupture to the creeping zone.  No other propagating events were recorded and prior to this event the Yasica site recorded dextral slip (or fault-normal convergence).

Major Telemetry Change in Turkey
An unannounced Turkish telecom policy was introduced during the period of afterslip.  Cell transmissions from non-Turkish IMEI  issued numbers are now automatically terminated after 2 months (minimum) of operation to discourage the import of and sale of foreign cell phones. As a result, each of our transmitters spontaneously ceased recording data after 2-4 months of operation. Replacement units suffered the same fate. We were informed of the policy only in November at which time we had to replace all the transmitters with local recording systems running from batteries.
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