
Author's personal copy

Monitoring aseismic surface creep along the North Anatolian Fault (Turkey) using
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We studied the surface creep along the North Anatolian Fault (NAF), one of themost seismically active structures of
the eastern Mediterranean, by using a ground-based light detection and ranging (LIDAR) system at the Ismetpasa
andDestek sections. Aseismic surface creephas beenknown toexist at Ismetpasa since the1970s, but it has not been
previously reported for theDestek site. Threemanmadewalls across the faultweremonitored for3 yrs between June
2007 and November 2009 using LIDAR. The surveys revealed that a significant amount of aseismic strain is being
continuously released along these sections of the NAF: 6.8–10.0±4.0 mm/yr and 9.1–10.1±4.0 mm/yr at two sites
near Ismetpasa and 6.0–7.2±4.0 mm/yr at Destek. Despite this, these fault segments are still capable of generating
large earthquakes since 50–70% of the yearly slip (i.e., 20–25 mm/yr) still accumulates on the fault, as was
demonstrated by the well-known 20th century earthquake sequence of 1939–1999.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The sudden release of accumulated strain on locked active faults
produces large and destructive earthquakes. However, the strain on
some faults is partially or even entirely unloaded without the
occurrence of earthquakes. If the rate of aseismic slip is equal to or
larger than the long-term slip rate, large earthquakes will not be
generated (such as in the case of the central San Andreas Fault;
Burtford and Harsh, 1980; Thatcher, 1979). On the other hand, if the
creep motion is much lower than the long-term slip rate along a fault,
then the fault is still capable of producing moderate-to-large size
earthquakes (such as in the case of the southern and northern
Hayward Fault; Lienkaemper and Williams, 1999; Schimdt et al.,
2005). Therefore, it is important to understand the behaviour of active
faults to evaluate the seismic hazard of the surrounding regions.

The North Anatolian Fault (NAF) is one of the most seismically
active structures in the world. Constraints on the slip rates along the
NAF have been obtained from the Global Positioning System (GPS) as
well as from geomorphic and geologic observations. For example,
dextral strike-slip rates of approximately 18–20 mm/yr have been
estimated by using offset features over the last 2–3 ka (Kozacı et al.,
2007, 2009) and 10–12 ka (Hubert-Ferrari et al., 2002) time periods.
Blockmodels constrained by GPS data indicate dextral strike-slip rates
of 22–26 mm/yr along the NAF (e.g. McClusky et al., 2000; Reilinger

et al., 2006). At this slip rate, strain accumulates over a long period of
time, and several large earthquakes have occurred as a result (e.g.
1943 Tosya [Ms=7.6], 1944 Bolu-Gerede [Ms=7.3], 1999 Izmit
[Ms=7.4], and 1999 Duzce [Ms=7.2], Fig. 1a). However, some
sections of the NAF are known to exhibit aseismic slip at the Earth's
surface (Cakir et al., 2005). Therefore, the monitoring of the creep and
comparing the results with the long-term slip rate are essential for
evaluating the earthquake hazard along these NAF segments.

Aseismic surface slip has long been known to be taking place on
the NAF near Ismetpasa in northwest Turkey (Ambraseys, 1970).
Various techniques have been used to deduce the creep rate on this
section. Ambraseys (1970) estimated a creep rate of about 20 mm/yr
for the period between 1957 and 1969 by measuring the offset on the
warped wall of a railway station, where the phenomenon of surface
creep was discovered. Measurements on a creepmeter installed
nearby and the local triangulation network several kilometres to the
east provided creep rates of about 7–12 mm/yr until the 1990s (Altay
and Sav, 1991; Aytun, 1982; Deniz et al., 1993). Cakir et al. (2005)
estimated a creep rate of 8±3 mm/yr around the railway station by
using synthetic aperture radar interferometry (InSAR). Kutoglu and
Akcın (2006) surveyed the same geodetic network using GPS and
estimated a creep rate of 7.8±0.5 mm/yr. These measurements
clearly show that the creep rate decreased with time. More recently,
however, Kutoglu et al. (2008) reported a sudden increase in the
creep rate reaching 12±1.1 mm/yr between 2002 and 2007.
However, it is not clear whether the creep rate is now increasing for
some unknown reasons or whether it was somehow overestimated by
Kutoglu et al. (2008). Thus, new measurements must be obtained to
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confirm the change in the creep rate. These measurements can also
potentially provide insights for understanding the nature of the
aseismic slip at Ismetpasa and elsewhere.

In this study, therefore, we decided to measure the surface creep
rate at Ismetpasa. For this, we used LIDAR technology because it can
provide high resolution and accurate 3Dmeasurements in a very short
time. This paper also discusses another creeping site along the 1943
Tosya earthquake rupture of the NAF (Fig. 1a and b), which was
discovered by us during a reconnaissance survey carried out in 2003.
Three walls across the fault line at these two sites were periodically
scanned using LIDAR for 3 yrs. We present the results of these LIDAR
surveys here and discuss the nature of the surface creep along the
NAF.

2. Methodology

Ground-based LIDAR technology is an active remote sensing
system and a new alternative to conventional geodetic techniques.
This technology is based on measuring the travel time of a laser beam
from the source to a target (Kemeny and Turner, 2008; Optech, 2006).
Multiple laser beams sweeping the laser range allow the creation of a
three-dimensional (3D) point cloud of the target surface at a
millimetre-scale resolution. These point clouds are then commonly
converted into triangulated surfaces and used for draping high-
resolution digital photographs to create virtual-reality models of the
surface (POB, 2008). Ground-based LIDAR technology is becoming
more andmore widely used across a range of earth science disciplines
that require sensitive surveying of physiographic features (Bawden

et al., 2004; Bellian et al., 2005; Bonnaffe et al., 2007; Ekercin and
Üstün, 2004; Janson et al., 2007; Kayen, 2004; Kemeny and Turner,
2008; Nagihara, 2006; Niemi et al., 2004).

LIDAR is accurate to about 3 mm for a distance of 100 m according
to the manufacturers (Kemeny and Turner, 2008; Optech, 2006; POB,
2008; Staiger, 2003). In addition, the field conditions and personnel
capability contribute to the overall accuracy of the scanners in
operations. For example, the overall accuracy is known to be affected
by the distance and aspect angle to the targets (Kemeny and Turner,
2008; Optech, 2006; POB, 2008). At the beginning of this study, in
consideration of the accuracy of ground-based LIDAR, two different
targets were scanned from three different distances at medium
(5 mm) and fine resolution (3 mm) settings in daylight (Supplemen-
tary Fig. S1). The obtained point clouds of each resolution and distance
showed that the range accuracy of the LIDAR system changed
between 2.7 and 5.2 mm (Table 1). Thus, this technology can provide

Fig. 1. (a) Simplified map of the North Anatolian Fault showing creep locations and recent major earthquakes. (b) General trend of the North Anatolian Fault around Destek. “D”
indicates the location of the surveyed area in Destek (Fig. 2b), and “F” shows the location of the paleoseismic trench performed by Fraser et al. (2009).
Relief image is from Google Map software.

Table 1
Results of a case study to obtain the accuracy ratio for the Optech ILRIS 3D LIDAR
system.

Scan resolution Medium
(5 mm)

Fine
(3 mm)

Target distance 7 m 15 m 30 m 7 m 15 m 30 m

Accuracy of target 1 3.2 3.0 4.0 2.7 3.0 4.2
Accuracy of target 2 4.1 4.8 5.2 3.3 3.4 4.5
Average accuracy 4.05 3.52
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3D coordinated surface data in a short time with high-precision
measurements that are cost-effective, very mobile, easy to use, and
maintainable. Moreover, considering that the accuracy of LIDAR
measurements varies within a few millimetres, this system can be
suitable for monitoring aseismic slip, which has a rate greater than
this scale.

Using the Optech ILRIS 3Dmodel for the LIDAR system, we scanned
three manmade walls across the NAF during six field campaigns
between July 2007 and December 2009. In order to provide consistent
distances and aspect angles between the periodic studies, fixed
stations placed into concrete at each location were used in the field
measurements.

A LIDAR scan of an object produces a 3D point cloud (Fig. 2). The
PolyWorks 10.0 software was used to process and clean all noise from
the obtained point clouds in this study. The first measurement carried
out in July 2007 at each site was assumed to be the base for the
following measurements. After each campaign, new measurements
were compared with both the first measurements (obtained in July
2007) and those of previous campaigns (see Supplementary Fig. S1 for
a sample process).

3. Surface creep along the NAF

Aseismic surface creep on the NAF was first noticed by Ambraseys
(1970) at the Ismetpasa section, which experienced surface faulting
during the 1944 Bolu-Gerede (Ms=7.3) earthquake (Fig. 1a). In the
following 6 yrs, the fault at the same site apparently manifested
aseismic surface slip of about 0.3 m before rupturing again during the
1951 earthquake (Ambraseys, 1970; Barka, 1996; Pinar, 1953; Saroglu
et al., 1992). Between 1957 and 1999, the NAF experienced four major
shocks on the western part of the Ismetpasa site (Fig. 1a), namely, at
Abant (Ms=7.0), Mudurnu (Ms=7.1), Izmit (Ms=7.4), and Duzce
(Ms=7.2). For the 1999 earthquakes, Dogan et al. (2002) proposed a
right-lateral triggered slip of up to 6 cm around the railway station in
Ismetpasa and Hamamlı Village (Fig. 3a) along the creeping section of
the NAF, but no slip was reported for the 1957 Abant and 1967
Mudurnu earthquakes.

Using a tape metre, Ambraseys (1970) estimated a creep rate of
20 mm/yr. Following Ambraseys (1970), a small geodetic network of 6
points was established across the fault near the Hamamlı Village. Using
this network, Aytun (1982), Deniz et al. (1993), and Kutoglu and Akcın
(2006) estimated creep rates of 11±1.1, 9.3±0.7, and 7.8±0.5 mm/yr,

respectively. InSAR observations made by Cakir et al. (2005) provided a
rate of about 8±3 mm/yr between 1992 and 2001 and a length of 60–
70 km for the creeping section at Ismetpasa. Although Dogan et al.
(2002) claimed some triggered slip at the Ismetpasa railway station and
HamamlıVillage sites after the1999earthquakes,GPSmeasurementsby
Kutoglu and Akcın (2006) and InSAR measurements by Cakir et al.
(2005) and Cakir and Akoglu (2008) rule out any triggered slip after
these events. Kutoglu et al. (2008) claimed a sudden increase in creep
rate to12±1.1 mm/yr since 2002and suggested that a creepmaynotbe
transient but varies with time (i.e. it is episodic). The recently estimated
creep rate of 12±1.1 mm/yr suggests an increase ofmore than 50%, but
what caused this increase was not explained. There have been no
moderate or large earthquakes since 2002 that may have given rise to
the increase in the creep rate.

A second creeping section along the NAF was recently discovered
on a wall across the rupture of the 26 November 1943 Tosya
earthquake (Ms=7.6) in Destek (Figs. 1a and b, and 3b). A stone wall
was constructed across the 1943 Tosya rupture in 1980, and we
noticed in 2003 that there is a warp towards the west in this wall
(Fig. 4a). This wall collapsed in 2004, and a concrete wall was rebuilt
at the same location (Fig. 4b). Warping of the wall with time and its
collapse suggest a creep on the fault. The newwall has not cracked yet
but tends to bend (Fig. 4b).

4. LIDAR campaigns

Two walls located across the 1944 Bolu-Gerede earthquake
rupture (Fig. 2a) were scanned at 3-mm resolution during six
campaigns at Ismetpasa. The first site in this section was the wall of
the railway station reported by Ambraseys (1970) (Figs. 3a and 5a).
The 20-m-long and 60-cm-high wall was constructed in 1957,
obliquely across the fault, at an angle of 75°. Since then, the wall
has warped, cracked, and offset by about 40 cm because of fault creep
(Fig. 5a). The second site is located in the Hamamlı Village about 2 km
east of the Ismetpasa railway station (Fig. 3a), where the geodetic
network exists. It is a 10-m-long and 2.5-m-high cowshedwall built in
2000 (Fig. 5b). The wall and fault are nearly orthogonal (~80°) to each
other. It is partially broken as a result of creeping (inset photograph in
Fig. 5b). LIDAR measurements were conducted at a third site located
in Destek along the NAF (Fig. 3b). A stone wall about 16 m long and
1.5 m high was scanned (Figs. 2b and 4b). The angle between the wall
and fault is 80°.

Fig. 2. (a) Optech ILRIS 3D LIDAR. The broken wall (red arrow) in the railway station near Ismetpasa is visible in the background. (b) 3D point cloud obtained with LIDAR. The wall in
the bottom right corner was scanned in this study. The dashed red line is the trace of the fault; red arrows indicate the centre of the bending on the wall; the yellow horizontal band
on the wall is the selected surface for the data process.
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As mentioned above, the output of the collected data is a point
cloud, which is processed using PolyWorks 10.0 software, which can
analyse dense point clouds in both planar view and 3D. Point clouds of
each campaign were compared with that of the first campaign (i.e.
July 2007), whichwas assumed to be the base. In order to get a precise
overlay of the planar surfaces, the point clouds were overlaid in 3D.
Following this step, we selected a 5- to 10-cm-wide horizontal band
on the scanned surface (Fig. 2b). Three criteria were used in selecting
the band: (1) the band should represent the maximum length on the
scanned surface, (2) be at the minimum height above the top level of

the seasonal plants, where the laser may have been blocked by plants,
and (3) be at the maximum distance from the top of the wall, as
environmental effects are more likely to be seen near the top of the
wall. We fixed the band representing the base data (i.e. July 2007)
with the bands of subsequent campaigns on one side of the fault and
measured the displacement on the other side in plane view (Fig. 6).
Table 2 shows the cumulative displacements obtained from the data
of the periodic LIDAR campaigns and lists the estimated slip rate for
each location. The amount of cumulative displacement is found to
increase with time (Table 2).

Fig. 3. (a) Detailed map of the Ismetpasa site showing locations of surveyed walls in Ismetpasa. “R” is the wall of the railway station, “H” is the cowshed wall in the Hamamlı Village,
and the dashed line is the trace of the NAF. (b) Detailed map showing the location of the surveyed wall (D) in Destek. The dashed line is the trace of the NAF.
Satellite images are from Google Earth software.

Fig. 4. (a) Close-up view of the wall in Destek before 2004. Note the outward bending of the wall. (b) Close-up view of the present wall scanned during this study at the Destek site
(263150 E, 4526687 N, 37). Note the difference in the style of construction.
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5. Discussion

Our surveys reveal that a significant amount of aseismic strain is
being continuously released along the considered sections of the NAF:

6.8–10.0±4.0 mm/yr and 9.1–10.1±4.0 mm/yr at two sites near
Ismetpasa and 6.0–7.2±4.0 mm/yr at Destek. Nevertheless, these
fault segments can still lead to large earthquakes because 50–70% of
the yearly slip (i.e. 20–25 mm/yr) still accumulates on the fault. The
occurrence of the 1943, 1944, and 1951 earthquakes validates this
assumption.

Fig. 7 compares the LIDAR results with previous studies across the
1944 Bolu-Gerede earthquake rupture. Our results for Ismetpasa are
clearly less than those estimated by Ambraseys (1970). It would not
be realistic to compare our results with his estimation for the
following reasons: (1) he did not include an error bar and (2) Dogan
et al. (2002) observed a triggered slip of about 6 cm near Ismetpasa
after the 1999 earthquakes that may have increased our results. As
Fig. 7 shows, our estimated creep rate is slightly larger than the results
from studies using other instrumental methods and models (Altay
and Sav, 1991; Aytun, 1982; Cakir et al., 2005; Deniz et al., 1993;
Kutoglu and Akcın, 2006) but smaller than the results of Kutoglu et al.
(2008). It is worth noting that except for Kutoglu et al. (2008) and
this study, all other studies were begun before the 1999 Izmit and
Duzce earthquakes (Fig. 7). In addition, as mentioned above, Dogan
et al. (2002) observed a triggered slip at the Ismetpasa railway
station and Hamamlı Village sites after the 1999 earthquakes. Thus,
there are two plausible interpretations: (1) The slightly larger
aseismic slip rate obtained in this study may be because of the 1999
major shocks further west of Ismetpasa, as suggested by Sylvester
(2004) and Lee et al. (2005), so the long term rate of creep may vary
before or after earthquakes. If this is the case, it may now be
decreasing exponentially to its pre-earthquake rate. (2) If the creep
was not increased as a result of the 1999 events, it may now match
its pre-earthquake rate, which seems likely since the creep rate
appeared to be stable over the last 15 yrs with no clear sign of any
effect of recent large earthquakes nearby (Fig. 7). Thus, these creeping
sections should be continuously monitored to better understand their
natures.

To our knowledge, there are no published data of creeping at the
Destek site, where we estimated a creep rate of 6.0–7.2±4.0 mm/yr;
this is about 30–40% of the geomorphologically (Kozacı et al., 2007)
and geodetically (Reilinger et al., 2006) estimated slip rate. Fraser
et al. (2009) performed a paleoseismic trench study about 10 kmwest
of the Destek site (Fig. 1b) and identified 7 earthquakes in the last
2.7 ka, where Barka (1996) reported 2.3 m of coseismic offset during
the 1943 event. Assuming a characteristic earthquake slip of 2.3 m,
Fraser et al. (2009) estimated a slip rate of 6 mm/yr for this part of the
NAF and suggested a considerable amount of slip deficit for this
segment. However, it seems unrealistic to assume that this section of
the NAF may exhibit characteristic earthquake behaviour without
tight constraints on the recurrence interval of the earthquakes and

Fig. 5. (a) Close-up view of the creeping wall in the railway station in Ismetpasa (468453 E, 4524560 N, 36). (b) A general view of the scanned wall in Hamamlı Village (470350 E,
4524777 N, 36); the inset photograph is the close-up view of the broken part of the wall.

Fig. 6. Plane view of the point cloud obtained with LIDAR. The dashed black line is the
fault. The blue point cloud represents the first measurement (July 2007), which was
assumed as the base data. The red point cloud represents the last measurement
(November 2009). Overlapping the base data (July 2007) with the last data (November
2009) in the left side of the fault showed a displacement (black arrows) on the other
side of the fault. In order to help readers see this easily, the edges of the point clouds are
marked with a blue dashed line for the July 2007 data and with a red dashed line for the
November 2009 data. The distance between the blue and red lines is the amount of
cumulative slip for 30 months. (a) Destek site, (b) Hamamlı site, (c) railway station site.
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total cumulative slip they cause, especially when considering that a
6 mm/yr slip rate corresponds to only about 30% of the geodetically
and geomorphologically estimated slip rates (Kozacı et al., 2007;
Reilinger et al., 2006). The lateral extent of the surface creep is not
known. If it continues westward and reaches the trench site, the slip
deficit can be attributed to an aseismic surface creep, as in the case of
characteristic earthquake models.

6. Conclusions

In this study, we demonstrated that LIDAR technology can be
successfully applied to determine surface creep with its high
resolution and accurate 3D measurement capability in very short
times. Aseismic slip on the NAF was monitored between June 2007
and November 2009 by using a ground-based LIDAR system. The
LIDAR system provided creep rates of 6.8–10.0±4.0 and 9.1–10.1±
4.0 mm/yr at two sites near Ismetpasa. Comparing our creep rates
with previous results showed that an aseismic slip is going on near
Ismetpasa.

Another aseismic surface slip phenomenon along the NAF was
recognised in Destek, which was not reported before. LIDAR results on
this part of the fault showed an aseismic slip rate of 6.0–7.2±4.0 mm/yr,
which releases considerable amount of strain in this part of the NAF.
Estimated creep rates using LIDAR were less than the geomorphic and
geodetic slip rates (20–25 mm/yr) at both the Ismetpasa andDestek sites.
However, these sections of the NAF are still capable of generating large
earthquakes since 50–70% of the yearly slip still accumulates on the fault.
The well-known 20th century earthquake sequence of 1939–1999
validates this assumption.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.epsl.2011.01.017.
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