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Abstract. The study area is in the last section in the ckmath of Koyulhisar (Sivas) landslide site and the
study area is in the most active location whereldhdslide’s displacement amount is the highesé [ahdslide
site was examined with geophysicaBRT-seismic refraction tomography, GPR-ground petiag radar) and
geodesic (GNSS-global navigation satellite systam@bhods. According to the geophysical resultshiwit-20 m
of investigation depth, three layandth the average seismic P-wave velocities) (® 0.30, 1.00 and 2.00 km/s
have been identified. Wwas determinedhat the thickness of the first two layers of théesyers from top to the
bottom is approximately 3 and 6.5 m, and the laged with Vp>2.0 km/s is the bedrock. Furthermare,
geophysical sectiondt was determinedhat the depth of the sliding surface which is tipgper limit of the
bedrock varies between ~7-10. The geophysical results permitted to identifg tandslide type as planar
sliding, with the sliding direction in S-SE, ancettilt of the layer being orientated in the samedion as the
topography slope (mostly bigger than 3%).addition, according to geophysics and geodetiealllts, it was
observed that the deformations in the landslidesntasve occurred from the geological unit, the lager
topography slope, and precipitation. Thereforeyas thought that landslide activity may continugha study
area. These results were showed that precipitation arfdrib@tions within the layer can be effective in
triggering the landslide in the futur&herefore, the study area contains the risk andntteral hazards, and
these threaten the settlement areatbaduildingsand other constructions there.

1 Introduction
A landslide is a mass movement and can occur irdiffierent forms Koyulhisar landslide area, the subject of

this article, is one of the largest landslide arbas significantly lead to serious loss of livaglgroperty as in
throughout TurkeyThree of the mostlestructiveof these landslides occurred in Koyulhisar (Sivas) 19
August 1998, 20 July 2000 and 17 March 200% Koyulhisar landslide area is one of the mogtartant large
landslide areas in the country and mass movemasts typically occurs in the form of debris or nmlodf
(Tatar et al., 2007; Duman et al., 200\).addition, Koyulhisar is an active landslide aesd for the past 17
years, there has been observed an increase initendstivity (Tatar et al., 2007; Over, 2013)he large and
small landslides in Koyulhisar landslide area henastly occurred due to natural causes until todatificial
causes mainly constitute the landslides causedunyah interventions (blasting, drilling, impropeapling,
loading, loss of vegetation cover, etc.). The lasje landslide occurred with the flow of mud ire thorth of
Koyulhisar landslide area in March 2005. Duman let(2005) determined that this landslide was in the
excessively fast (6 m/sec) class. Demirel vd. (20f8 the landslide in 2000 year revealed an ayex 2.5-7.4
mm/year slip rateln addition, esearchers have stated that these landslidesyba&k a mechanism involving
a circular rotation, this old landslide mass manats activity and partial landslides occur oe tiroundmass
(Sendir and Yilmaz, 2001; Duman et al., 2005). &fere, Koyulhisar district center is on an old Iglie that
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occurred in the form of circular rotation. The ftaf this landslide mass is open, it is always\egtactivity is
not massive and usually in the form of local laités occurring on the groundmass (Sendir and Y|128@1).

The triggering mechanisms of landslides are oftemmex and further understanding is needed to
facilitate the prediction of mobilizations as wefl adequate stabilization and remediation measTinesefore, it
is important to investigate the reasons that affeetformation mechanisms and the formation of déidds.
Different engineeringgeology, geophysics, geodetic, ewdigciplines have great role and importance espgcia
in decreasing the landslide effects. They can kelprevent damage by prediction and early warninghis
context, Koyulhisar landslide area was examinea Wwide area with detailed GNSS (Global Navigatiate8ite
System) methods and the studies of other discipligeology, chemistry, seismology, meteorology, remot
sensing)(Sendir and Yilmaz, 2002; Tatar et al., 2007; Haib, 2009; Hastaglu and Sanli, 2011; Yilmaz,
2009; Hastaglu, 2013; Turk, 2013; Topal and Hatiglo, 2015; Hastaglu, 2016). The annual sliding velocity,
sliding direction, displacement amounts and natdisdster risk of the landslide have been identifig these
studies.It has been determined that the displacement amadrtse landslide velocity vary between 1-8.6
cm/year by topography and geological bedding aatlttie landslide direction is usually S-SE orientaderms
of geology, some researchers have carried out gealostudies on many issues such as geologicabrie,
geotechnical, geochemical and geomorphologicalietuat the local and regional scale in which treuees of
the faults, water, hot water, soil and rock on th&FZ (North Anatolian Fault Zone) and in the regimere
investigated. These studies are Eolpgy, tectonics (Toprak, 1989; Uysal, 1995; Semdid Yilmaz, 2001;
Sendir and Yilmaz, 2002; Yilmaz et al., 2005; Gaighe et al., 2005b; Demirel et al., 2016; Demir, 2)1&hd
geotechnics, geomatics/remote sensgepchemistry and geomorpholo@ioprak, 1989; Uysal, 1995; Duman
et al., 2005; Ulusay et al., 2007; Hathw 2009; Yilmaz, 2009; Demirel et al., 2016; Den2i018).The results
of all these studies have been associated withhysogal results at the interpretation stage in #nicleandthe
geophysical studies were carried out for a liméegabeing the subject of this articénd had the distinction of
being the first geophysical studies.

In the geophysical study, the hazards that wouldsused by the landslide geometry of the last zedti
the close south of Koyulhisar landslide aezal would affect the settlement area were investigéeg. 2 and
9). The geophysical study was also carried out is #inea which is the most active area of the ladelsite
because Hatiggu (2009) identified a movement of about 8.6 cmiyieahis area. The SRT (Seismic Refraction
Tomography) method determining the seismic P-wagkecities (\f) for seismic applications and the GPR
(Ground Penetrating Radar) method for electromagri&tM) applications were used in the geophysicaiad
collection in the area. In particular, seismic tgmaphy (SRT, MASW) and ground penetrating radar R§5P
applications arepreferred methods in landslide studies. The structural gegmef the landslide area was
delineated based on an interpretation of the deltegeophysical dataThese are the seismics Welocities,
thicknessiilt and directionof the layers. Thus, other features such as tmglsurface depth of the landslide,
landslide type, advancement direction and thegislation were also revealed, and geophysical diner study
results were shown to be compatible with each othike studies carried out by McCann and Forste®@)9
Demirgz (1991), Hack (2000), Perrone et al. (2008jkturkler et al. (2008)Hu and Shan (2016%u et al.
(2016) and (Popescu et al. 20H8¢ important in this regard. In addition, Bichéral. (2004) carried out multi-
methodical geophysical studies containing eledtriesistivity, GPR and seismic methods in the l$dds

studies. Otto and Sass (2006) and Ristic et alLZp@lso carried out similar studies on landslickestigation.
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In these studies, the sliding surface of the laddsland the flow direction properties of the ldiddsmaterial
were generally determined by 2D (two-dimension) aBdthree-dimension) geophysical sections.

It has been observed that the use of the SRT arld @Ethods in landslide studies has increased
significantly especially in recent years (Riséit al., 2012; Timothy et al., 2013; Lissak et aD15; Hu and
Shan, 2016; Popescu et al., 2016; Su et al., 201®) parameters which define the landslide sudaragslide
geometries andbedrock depth or sliding surface deftave been determined in these studies. Regartiang t
GPR method, significant studies have been carrigdby Davis and Annan (1989) on revealing the soil
stratigraphy, by Aldget al. (2003), Slater and Niemi (2003) and Greeal.(2003) on the mapping of faults,
fractures and cracks and by Benson (1995), Hat&9§), Bano et al. (2000) and Bubeck et al. (2Gi5}he
determination of groundwater leveldowever,the accurate determination of the landslide typal$® very
important as well as landslide elements. Jointistudvith geophysics and other disciplines are coniyno
carried out in determining the landslide type amd @ifferent contributions. In addition to thesédiet
seismological history, morphological and topographifeatures and meteorological data of the studg are
always taken into account in the landslide analyEigy are largely used in such studies especiatiyheir
contribution to interpretation. In this article etinformation obtained from all these data was usearder to
make contributions to the geophysical results. Handslides may develop under various geological,
morphological, topographical and physical reas@hsis, through multi-discipline studies, the landsltype can
be determined most accurately by determining diffessliding behaviors (such as the velocity anddlion of
the landslide, annual amount of displacement) waryrom region to region. The landslides, which eyaily
occur in the form of sliding, may occur with the vaments of falling, sliding and flowing or with the
combination of a few of these. Therefore, accudatermination of the landslide type/kind and thiectéon of
the methods used in the study is very importanmay be possible to perform an accurate landsliggyais
only if these requirements are mét. this article, these issues were examined andudsed separately and
together with geophysical and geodetic results.

2 Geology

The study area is about 180 km away from Sivasogityter and is in the west of Koyulhisar distriebter which
is located in the north of the NAFZ (Fig. 1 aBil The rocks in the region usually have fractures a
discontinuities and are crushed because of the NARiZh is tectonically active in south of the studsea
(Tatar et al., 2005). There are also many old awl landslides in the study area depending on tpe tiited
topography. For these reasons, the directions ofement of the landslides generally threaten thdesent
areas (Sendir and Yilmaz, 2001). The geologicatstigation of Koyulhisar has been carried out negjly or
locally by various researchers (Terlemez and Yilni880; Toprak, 1989; Uysal, 1995; Sendir and Yama
2002; Duman et al., 2005; Hatigla, 2009). According to these studies, the Plio®uery aged Koyulhisar
Formation is the youngest unit in the region. Iswgtated that the youngest unit consisted of this {glope or
deposit) and fluvial conglomerates and was seamalee strike-slip faults (Toprak, 1989).

Toprak (1989) divided the NAFZ which is represenbgda right lateral strike-slip fault zone into div
fault sets including the North Anatolian Main Fawbyulhisar fault sets, Kelkit fault se§jhlar fault set and
Kurugay fault set. But, th&ihlar fault sets affect Koyulhisar district censgrthe nearest (Fig. 1). Toprak (1989)
stated that Koyulhisar section of the NAFZ is stititive and a right lateral strike-slip fault zodge to the

morphotectonic structures and seismic activitiethanregion (Fig. 1). As it is seen in Fig. 1, fhelts closely
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concerning Koyulhisar are the NAFZ, which is theimmfault extending in the northwest-southeast dioecand
approximately 2-2.5 km away, in the south, and @anliyaka Fault, which is approximately north-seuth
oriented, in the west. This fault which is the elsisone to the study area extends perpendiculaetdlAFZ in
the south. It was also reported by Tatar et al0{2@hat large and old landslide masses in Koyatliandslide
area have lower Miocene-aged clay and gypsum let@lsene-aged clayey levels and Plio-Quaternarg age
sedimentsHowever, Hatib@glu (2009) and Hastatu et al. (2015) generally observed two geologiaaits in
the drillings in the study area. They observed thatupper unit was silty sandy clay and sand lr@ded silty
clay in some places up to about 10 m, and advaaseshnd interbedded silty clay and sand interbeddsdin
some places towards deeper than 10 m. The firstconisists of light-dark brown colored, medium-vetiff,
low-high plasticity, silty clay. The second unitnsists of light-yellow white colored, low-high ptacty, silty
sandy clay interbedded with sand (Hagtacet al., 2015).When the drilling logs are examined, there is
generally the second unit in east of study aresst@d#u et al., 2015). Furthermoré, was observed that the
content of the second geological unit did not cleaagen if the depth of the drilling increased. Hfere, the
second geological unit was taken into considerdtidhe interpretation of geophysical sections.
3 Methods
3.1 Geophysical surveys
The SRT and GPRnethods which are applied in tomography formatemgsed in the geophysical studye
high-frequency electromagnetic waves can reacheateiepthe environments with low conductivity likarsl.
However, the conductive units such as clay ancesthetrease the penetration depth of the signalrited and
lead to absorption (Annan et al., 1988; Davis andah, 1989)Firstly, SRT and GPR data were collected along
multiple transects in two different areas of thedgtarea named A and C (see Fig. Bhen, the geophysical
profiles were processed to the satellite map adegrih the coordinates along with the topographétatation
curves and GNSS measurement locations for the @&faBgerpretation (Fig. 2a). Geophysical measurdgsien
were taken as both NE-SW and NW-SE oriented dukea@eologic bedding and topographic features (Hg.
¢). However, SRT12-GPR12 profiles were selectedbamsit E-W oriented due to rugged topography in &ea
The profile lengths usually range from 40 to 60 otading to the method applied. The profile shaptin
technique in the field, hammer and iron plate &fj8veight as the source P geophone of 14thiz f{otal number
of geophones is 12and Geometrics branded seismic device as thévezcgeometrics branded seismic device
as the receiver was used while collecting the SRfB.dn all profiles, the geophone interval was 5 nfsef
distance was 2.5 m, sampling interval was 256 nusthe record length was 512 ms. The geophones were
respectively fixed on the ground within the seldcteophone range and their connections with themgei
device were made. Then, seismic measurements weoeded by starting from the offset distance of 12,5
reducing to sledgehammer plate and makinigadt 5 timeshots between each geophone, respectielihe
evaluation of the SRT data collected in the fi&djsimager program was used for displaying, pracgssnd
evaluation of the seismic refraction waves. Thekinarof the first arrivals of the SRT data was peried using
Pickwin, and the evaluation of the first arrivatalavas performed using Plotrefa module.

The GPR data collected on the SRT profiles onthe&areas A and C were collected by Ramac?2 device
using a closed antenna of 250 MHz. The GPR data wercessed in Reflexw program.order to collect the
GPR data, other parameters were selected 512 nkemuoh samples, 16-number of stacking and 0.1 cetra

interval. 2D GPR data processing, it includes Etatirrection, Muting, Bandpass filter, Gain and Miipn



159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

steps. The migration was made to show up smalica¢tructures invisible during data processingug, very
large hyperballs with strong reflections may lirtiie display of non-migrated GPR data. Moreover, ghak
points of hyperbolas observed in GPR cross-sectbosy the reflection surface of the electromagnetwe.
During data processing, velocity analysis was peréml on the reflection surfaces through the hypdarbo
superposition method and EM wave propagation vglogias calculated in all GPR cross sectiomfe
topographic corrections were made by selecting'@warect for two layers” option in Static Correatidluting

in the Reflex program. The height values collectedhe study area were manually entered and saved i
“Correct for two layers” option. Thus, the modeler& converted from m to ns and the GPR sectiong wer
prepared for interpretation.

SRT profiles and on these seismic profiles GPRilpofin the area defined by A in Fig. 2b are
approximately in the NE-SW (SRT2, SRT4, GPR2, GBRa)l NW-SE (SRT3, SRT5, GPR3, GPR5) directions
(Fig. 2b).In area C and in the west of this area, SRT10-SRarbfiles and on these profiles GPR10-GPR11
profiles are approximately in the E-W directions.the same area, SRT9-SRT14 profiles and on theditep
GPR9-GPR14 profiles are approximately in the NE-8Wéction (Fig. 2c). Similiarly, in the east in Figc,
SRT12-GPR12 profiles are in the E-W directions &R 13-GPR13 profiles are approximately in the NE-SW
directions. In addition, geomorphologicallythe landslide cracks on the surface, displacentemes, and
structural damages in the study area and its imaedsurroundings can be monitored clearly by field
observationsand visiblythe damaging effects of still active or old landiss on residences, roads, walls can
easily be observed (Fig. 3). All damaged structam®ss the region cannot be used. Therefore, ardslide
cracks will emerge over time both on the ground #edexisting structures in the region which activéerms
of landslide and seismicity, and the formation efvrlandslides will continue in the area.
3.2Results and interpretation
The time-depth sections which were ready for imeggion were obtained by increasing the signadmeatios
of the signals in the data processing. The geophalsiections were prepared by also making@ographic
correctionin the inversion operation due to the variabilifytiee topography. Thus, the collected geophysical
data were converted into 2D (two-dimension) heujetance and depth-distance sections by being sesbés
the appropriate software. Geophysical interpretstivere made according to these sections and cechpath
the results of the other studies.

SRT: 2D (two-dimension) seismic cross-sections givinggreé& Vp-depth information are presented in
Fig. 4 and 5. In the seismic data evaluation, tiiraidence was provided with RMS (Root Mean Squeare)rs
ranging between 3.4-4.5% in 2D (two-dimension) msi@n operation. According to 2D (two-dimension)
seismic cross-sections, two or three layers wegntified at about 20 m depth. It was understood ttitilts of
these layers were southeast oriented, and theiwdis greater thaB(0”. According to seismic velocities £y
calculated, three layers with the layer velocit€®.30, 1.00 and 2.00 km/s on average were defirmed top to
bottom. \k values of these layers increase towards the deger thicknesses range between 3 m and 6.5 m on
average from top to bottom due to topographicdeddhces. It was understood that the depth of lideng
surface varied between about 7-10 m, and thesénsleygre the upper bound of the third layer. Thesaawas
considered to have a risk of dislocation due tes¢Heose units, rainfall and tilt conditions. THere, the layers
with an average of M=0.3 km/s and ¥,=1.00 km/s over these depths were defined as yleedavith the risk of

dislocation. The layer with a seismic velocity oéater than ¥;>2.00 km/s at the lowermost was understood to
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be the basement layer. The investigation depth fudiser calculated from the SRT sections compacethé
GPR sections due to the differences of geophysiesthods in the applicatiomecause GPR sections were
obtained in well-resolution for about the first @Ddepth after inversion processing of the GPR (fit 6 and
7). Therefore, it could be said that the GPR and S&Clians are compatible for the first 10 m depthsiBes,
the profile lengths of the GPR3 and GPR5 sectiosg. 7 were evaluated as about 25-35 m.

GPR: The GPR sections, it wasbtained in high-resolution for about the first @0depth. It is clearly
observed that the strong reflections are withiml@epth inFig. 6 and 7 These strong reflections seen in black
dashed ellipses are interpreted as deformationsaireahe layer. In a similar manner, these aredsgbe
interpreted as deformations were also observekerstudies of Bubeck et al. (2015), Hu and Shaft@p05u et
al. (2016) and Popescu et al. (201%he strong reflected wave signal shows distinctii@racteristics,
presenting a low-frequency high-amplitude sync-pheds, which can be inferred as the sliding sefadig. 6
and 7.Furthermoreijn Fig. 6 and 7, there is a layer with a varyinigkhess of about 3 mm at the uppermost. It
is seen that the second layer under this layeregax until about 7-10 m depth.other words, two layers were
identified in GPR sections. These layers are whkaldse, cracked, moved and also have lost theitrtegs, and
their seismic velocities are lowherefore, inFig. 6 and 7t was thought that deformations developed on the
sliding surfaces due to the geology of the studsa@m A and C areaBecause the first geological unit is
medium-very stiff, low-high plasticity, silty sandyay. The deformation structures alé&ding surfaces, landslide
furrows, scarps, collapsed zones, and crawgte observed in the GPR cross-sections (Fig.d67anHowever,
three layers were identified in seismic sectioms| their seismic velocity was observed to incrdaserds the
depth (0.30<1.00<2.00<... km/dhccordingly, in GPR sections, the fact that thelgieos seen in the first two
layers decreased and ended towards deeper lay@&&0(>m) is understood from the increase in seismic
velocities (>2.00 km/s)}-urthermore, the electromagnetic wave velocityhima GPR sections was calculated. In
Fig. 8, the EM wave velocity calculated for theleefion surface in GPR5 cross-sectivaepresenting the GPR
profiles was shown as an examplehe picks were exported with the attribute of twaywravel time, and the
velocity of propagation of the wave, in this caagpears to be about 0.1 mf8g. 8). This value is generally
observed in dry or wet soil, dry or wet clay anadda environments (Wilchek, 2000; Cardomina, 2002).
Therefore, it was thought that this velocity valuas compatible with the geological units and etaognetic
waves led to rapid absorption due to the silty garidy layer. In other words, the geological unit, thegelaor
topography slope and precipitation cause deformatin the loose upper unit. Therefore, these strastmay
develop or occur in the landslide mass, as showigné and 7.

3.3 Seismological and meteorological data and ressi|

The study area is located in an active area indefrseismicity. The seismological history, the magle (M)
of which is greater than 2.5, of the examined amsd its surrounding between 1900-2015 were invatgtdyfor
this article (Fig.9). The map in Fig9 was prepared with the seismological data betw&€9-2015 (UDM,
2016). Particular attention was paid to the eartkgs before 2005 in the seismological interpretatichis is
because the largest and most recent landslide reccur the area in 2005 and it was aimed to ingasi its
relationship with displacements and previous laddsl The type of magnitude which is calculatedmfro
seismological data is usually the local magnitutlee depths (d) of these earthquakes with higher .BI»ary
between approximately 5 and 80 km (Fi. According to the seismic data of the years eraohi Koyulhisar

and its surroundings have always been active se#ini It was observed that this frequency of egutikes
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usually occurred on the NAFZ in the south of thedgtarea. Additionally, it has been analyzed thersie
activity of the region at least for the last 11®3@-2016) years by Demir (2018). In this studyelpress that
the most notable is probably the relationships betwthe magnitude of the earthquake to the number o
landslides and the area affected by the landskohek between the magnitude and the maximum distahce
landslide observations from the epicenter in défgrgeological, topographical, and climatic comdis (Demir,
2018).

Large earthquakes affecting Koyulhisar districbadecurred in the region. These largest earthqualess
in the south of the NAFZ or Sehri district and a total of three large earthqsak@h M>5.6 occurred there
(Over, 2015). Among these, 1992 earthquake is stagethe study area with the least depth but #eorsd
largest earthquake (Fi§). This earthquake is an earthquake with 6.1 madaithat occurred 10 km below the
ground. The large earthquakes in the south @&l district which is just 13 km away from the dyuarea
occurred in 1909 and 1939. 1909 earthquake occui®ekin below the ground and is the largest and efsep
earthquake with a magnitude of 6.3. 1939 earthqimkéso deep and the third largest earthquakeoit@atrred
50 km below the ground with a magnitude of 5.6 (Q2®15). In addition, when Fig. 8 is analyzedsiseen
that the magnitudes of the other earthquakes imaénth of the NAFZ and the upper elevations of ldrelslide
generally vary between 2.5-4. Similarly, it is séleat the other earthquakes in the south of theésléde area are
the earthquakes with a magnitude of greater thén Al these earthquakes may have triggered thdslade
mass from time to time in places where sliding acet, layers, and topography in the landslide areanore
inclined than 5-10 degrees (according to the gesiphlcross-sections in this article, when it isgidered that
there are loose units and deformations on thengjidurfaces). In particular, they further affected landslide
mass along with the rain and caused large amotidisgacement in the landslide area.

The data regarding the rainfalls with the effedts$riggering the landslides are presented in Tdbénd
Fig. 10 (MGM, 2016). With these data, the rainfall stavfishe study area and its surrounding was examtiyed
months as average annual rainfalls and the anmeal amount of rainfall. According to the data dtxa
between 1950-2015 in Table 1, the rainy periods gaeerally between October-November-December and
January-February-March-April. The highest totallaimount of rainfall in the rainiest years was efved as
snowfall in 1950 (110 c¢m) and as rain in 1991 (§5K).

According to Fig.10, the annual normal average rainfall value caleddor the years between 1981-
2010 was calculated as over 483.4 mm. However, 1988 and 1997-1998 were the rainiest years. $een
that the annual areal amount of rainfall exceethednbrmal values and was higher than 550 mm irethagy
years that took place in every 10 years. Simildtlis also seen that there were high rainfalls¥at years after
the years of 1985-1995-2005 with an interval ofyg@rs. Therefore, annual areal rainfalls were oleskto be
more before some large landslides like the landsid1998. When geological features of the regiantaken
into account, it is remarkable that the landslilé998 and 2000 occurred in the summer months thigewinter
with a heavy fall of snow. However, the landslide2005 occurred during the rainy season. Therefaisfalls
have always been considered as a factor triggehege landslides in many studies and articles (Tettal.,
2007; Hastaglu et al., 2015). Similarly, the authors of thigide have always considered rainfalls as a
triggering factor in the formation of Koyulhisamidslides.As it is seen, the various studies and the regilts

this article have proved that Koyulhisar landslides generally caused by the known reasons tluetrithe



278 landslide. Therefore, these conditions mentionethanlandslide area have shown that the landstidetd be
279  triggered there.

280 3.4 Geodetic surveys and results

281 GNSS studies and multi-disciplinary studies haveiea out for many years (about 6 years) to deteenthe
282  deformation and annual sliding amounts especidligr ahe landslides in 1998-2000-2008a6taglu et al.,
283  2015) It was determined that the tension cracks thatiwed in the landslides in 1998 and 2000 in tiygore
284  were filled with the waters consisting of meltingosv and rain waters which are the most importampanent
285 of the hydrological cycle, lakes were formed in thattress of each sliding mass, and the changedhein
286 groundwater level were the main causes of defoongtsendir and Yilmaz, 2001; Topal and Hagilbp 2015;
287  Hastaglu et al., 2015). The seismological and meteoralaigilata, which were updated by the geodetic (GNSS
288 (DH), geological (IDH (Inclinometer Drilling Holes)and meteorological data collected in the locabgtof
289 Hastaglu et al. (2015), were reorganized and evaluatégl. £ 10, 11and Table 1 which were reprepared for
290 the study which is the subject of this article wassociated withhe results of GNSS studiéstudies made by
291 Hastaglu et al. (2015)) (Fig. 11)Then, they were compared with geophysical resuliisterpretation.

292 The monthly and annual meteorological data shoeithinly be evaluated particularly within the scape
293 monitoring activities because the area which issiligect of the study is a landslide area. Hadtaet al. (2015)
294 performed monitoring in IDH wells in the area in1332014(Fig. 11).If Fig. 2 is examined, there are seven
295 IDH point in the nearest of the geophysical prafil&@he graphicen Fig. 11were prepared from the combined
296 data (unpublished data in the project) and the ezatpre {C), precipitation () and soil moisture content (cm)
297  were compared in these graphics. Accordingly, émeperature and precipitation were observed to bersely
298 proportional during the summer months called asyapariod. It is seen that the soil moisture isrdeable
299 apart from the rainy period and has very high watertent during the rainy periodBhe soil moisture is very
300 high (average 150 cm) in winter, summer, autumrs@es (Fig. 11). In study area, the water contemtthé
301 drilling data change from 24.6 % to 13.3 % at bemvB-10 m depth and these values are also higm @®1 %
302  to 17.3 %) after 10 m (Hastglo et al., 2015). Water generated from precipitatimelting snow and permafrost
303 melting is blocked by the impermeable layer whernfiltrates downward, and the local moisture coite
304 increases (see Hu and Shan (2016)). Thus, the viditirates the interface between the permeabld an
305 impermeable layer, can form a slip zone. The GRRItg show that the moisture content of soils atdliding
306 surface of the landslide mass is relatively highe drilling data and soil moisture values alsovshery high
307 moisture content of the sliding surface of the Hidg mass in the study area, which is completelysistent
308  with the results obtained from the GPR-SRT profilesteorological and geological resulBn the other hand,
309 it was understood that the precipitation increasgdhe decrease in temperatures. It is also sesrilik total
310  annual amount of rainfall increased about 2-fol®@14 compared to 2013 (Figj0 and 1). According to all
311 results, rainfalls are considered to be effectiv&riggering of the landslide because the grounthisflandslide
312  area, which is filled with loose units and old dmds supersaturated with water due to the rdsfal

313 Besides, Hastadu et al. (2015) determined that the groundwateellgets close to the surface for 4-6 m
314 on average at the end of the rainy period, to 1 the end of the rainy period and decreases @p ta in some
315  wells in the area where geophysical study dsealso located, and the groundwater flow directioSW. When
316 this information was associated with topography amtine with the field observations, it was undeosl that

317  the topography was inclined from the north of thelg area towards south, the incline of slope desaé from
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925 m to 840 m, there was an elevation differerfidbam, and the amount of slope in the topograpileyeased
from south to north (3%10°) (Fig. 2a). Therefore, it was seen that the géolddedding was compatible with
the topographical sloping and the groundwater veaspatible with the direction of flowlhe geological units
were observed in IDH wells in the geophysics stadya.These are mostly silty sandy clay and they have
different characteristics above and below aboutrilth IDH well. Hastaglu et al. (2015) estimated with the
GPS measurements that the amounts of displaceragetivbetween 1-8.6 cm/year. The geophysical date w
collected in the areas where the amount of displece varied about 8.6 cm/year. The landslide dwactvas
determined to be in the S-SW and SE direction adf@yulhisar (Hastagu et al., 2015). It was understood that
these directions were compatible with the geoplaysiections which were prepared later and thatahdalls
are among the reasons that trigger the landslide.

4 Conclusions

This study is the first geophysical study carriedl io Koyulhisar landslide area. The informatiooyaded from
many studies (geodetic, geologic, morphologic, reelsgical, topographic and meteorological) carrimad
across the region was compared with the geophysisalts (SRT and GPR) and found to be compatithe.
bedding status of the landslide area, seismic Rewaslocity (\f) of the layers, the tilt, tilt direction of the
layers, depth of the sliding surface and slidingection and the landslide type could be determiinedh the
geophysical sections. Accordingly, the study area identified by the layers with the average saismlocities
of 0.30 < 1.00 < 2.00 <... km/s (or 300, 1000 and®@WUsec). The seismic velocity of the landslidecnasnt
was found to be higher than 2000 m/sec. Accordinth¢ geophysical cross-sections, it i@ntified that the
depth of the sliding surface varied between 7-1@ua to the topographical differences. These demthshe
depths with low seismic velocities (the average€0.30 and <1.00 km/s) and defined as loose wiitsh were
also observed in geological drilling logs. It determinedthat sliding surfaces, landslide furrows, collapse
zones, scarps, cracks are observed in the GPPR&cturthermore, it was understood that the l&iltewas
generally more than®n all geophysical sections and compatible with gleology and the flow direction of the
groundwater. It was understood that the landslige in the area was planar sliding and the diraatibsliding
was SE.

The geophysical and geodetic study results weradda be compatible because it is known that the
landslide direction across Koyulhisar is in S-SWi &E. Consequently, the fact that the depth ofsthting
surface over the units is loose, low seismic véikesiof the upper layers and the excessiveslittwthat there is
a new risk of landslide in the area. The otherdixcthat trigger the landslide were found to beoeissed
especially with the fact that the area is seisryicattive, receives heavy rain and has a poor atiget cover.
Furthermore, it was understood that there wererdeftions in the landslide mass and, observed ibdagl
surfaces, landslide furrows, collapsed zones, scang cracks structures. It was understood thaethguctures
were occurred from the geological unit, the layetapography slope, and precipitatidbn the other hand, it
was thought that studies such as blasting and exocavperformed by human intervention can trigdes t
landslides due to the geologically loose unit aedde the landslide area can a potential area whiopen to
natural/artificial hazardsAs a result, according to all the results, therstill a high landslide hazard in the study
area and its surrounding, and this hazard will lse a the future As a result, the identified risks and natural
hazards are also threatened the settlement aretha@bdildings and other constructions (e.g. roaddls, parks

et al.) thereTherefore, it was understood from the geophysical geological data obtained for the landslide
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basement and the layer over it that new landslidag occur over time in the study area due to theatid
abrasion and transports during precipitation.
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538 Figure 9. Seismic activity of the study area and its surrongsl by the data between 1900-2015 and the
539  landslide areas (UDIM, 2016; MTA, 2018).
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542 Figure 10.Precipitation distribution in between 1981-201angof Sivas (MGM, 2016).
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545  Figure 11.Average monthly temperature (G), rainfall (nf) and soil moisture content (cm) change graphics of
546  the study area and its surrounding for 2013-20wat prepared from the project data (Hagaet al., 2015).
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Table

Table 1. The annual average meteorological values of Siyagars between 1950-2015 (MGM, 2016).

SIVAS January February March  April May June July August September October November December
The average 3.2 2.0 2.9 91 135 172 202 202 16.2 10.8 4.6 -0.6
tempreture (°C)
The average the
highest 1.0 2.6 8.1 15.3 20.0 24.0 27.9 28.5 24.7 18.4 10.6 3.7
tempreture (°C)
The average the
lowest -7.0 -6.2 -1.7 3.4 7.2 9.9 12.0 11.9 8.3 4.4 -0.2 4.2-
tempreture (°C)
The average
sunshine 2.3 3.3 45 6.2 8.1 10.4 121 11.4 9.4 6.3 4.1 2.3
duration (hour)
The average
number of 13.0 12.4 13.7 14.0 14.4 8.8 25 2.1 4.3 8.0 9.5 112
rainy days
The average
monthly total 42.0 40.3 46.0 59.1 60.7 34.8 8.5 5.9 16.9 32.9 0 41. 44.2
rainfall (kg/m?)

The highest and the lowest values occurring over mangears (1950-2015)

The highest
tempreture (C) 14.6 18.1 25.2 29.0 32.0 35.5 40.0 39.4 35.7 30.5 282 19.4
The lowest
tempreture (°C) -34.6 -34.4 -27.6  -10.9 -4.2 -0.3 3.4 3.2 -3.8 -8.1 -24.4 -27.0
Daily total the 55.0 . . 122.8 i
highest rainfall 2 May 1991 kg/? Daily the fastest wind 5 Jan. 1996 km/h The highest snow 2 Feb. 1950 110.0cm
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