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Abstract. Zonguldak Hardcoal Basin is the largest bitu- dak is the most famous mining region of Turkey. Under-
minous coal region in Turkey where extensive undergroundground coal mine extraction in the basin was initiated in 1848
mining activity exists. Because of this activity subsidence ef-when the Ottoman Empire, before Republic of Turkey, ruled
fects have been experienced in different locations of the citythe land. Now, Turkish Hardcoal Enterprises (TTK) is the
In this study, surface deformations caused by the subsidenceompany authorized for mine production in the basin. Ac-
have been observed by D-InNSAR technique using C-Bandcording to the official records of TTK, the hard coal pro-
RADARSAT data. INnSAR data process of 16 RADARSAT duction is about 2.5 milliontons per year, and has totally
images acquired between 24 July 2005-23 October 2006 hagached 400 milliontons since 1848. There are widespread
resulted in significant deformations in the order of about 6 cmcoal seams located between the levels of +155 m-eB&D m

in the most populated region of the city. The deformation under the city (Turkish Hardcoal Enterprise, 2008).

map obtained has been integrated with digitized mine pro- Due to the above-mentioned mining activities, major sub-
duction maps and Quickbird Orthoimage into GIS. Accord- sidence events occurred at some locations of the city in the
ing to GIS analysis, there are three mine seams at differenpast (Fig. 2). Some locations are still suffering from subsi-
levels driven below the deformed zone. Many governmentaldence phenomena, and some locations are under the risk of
and private buildings located in this area have a high potensubsidence damage. For the safety of human life and pro-
tial risk of subsidence damage. Also, this area covers apperty, monitoring the temporal evolution of the subsidence
proximately 12 km of transportation routes. effects for the city of Zonguldak is very crucial. Also, such

a monitoring program can facilitate defining the locations at
risk, early warning before major occurrences, and proper ur-
ban planning for the future.

Regarding the deformation monitoring, GPS is the most
Zonguldak is the capital city of the Zonguldak province, lo- Powerful geodetic technique producing the most precise, re-
cated at the Western Black Sea coast of Turkey, 360 km eadtable and exact results to detect pointwise surface deforma-
of Istanbul and 270 km north of Ankara (Fig. 1). The topo- tions. However, to keep wide grounds under control, Differ-
graphy around the city is very undulating and steep; 56% ofential INSAR is today’s most useful geodetic technique. GPS
the city’s land is surrounded by mountains, and only 29%May need thousands of site points to monitor an area of in-
with the slope with less than 20% suitable for settlementt€rest which can be controlled only through a pair of INSAR
and agriculture. Also, very heavy forests cover the land sur/Mages.
face in the immediate vicinity of the city centre (Zonguldak  Therefore, D-INSAR was decided as the main technique
Province Environment and Forestry Directorate, 2006).  for this study, since subsidence coming out in the basin is

Forestry and fishing are among the important sources oformerly not known. GPS was preferred for validation of
income in the C|ty with a popu'ation of 200 thousand while the resultS Obtained from InSAR. The surface deformation
the major industry is the hard coal mining, so that Zongul- maps obtained from D-INSAR analysis were integrated with
QuickBird Ortho-image into Geographical Information Sys-
tem (GIS). Finally, the deformation areas in different levels

Correspondence td:. S. Kutoglu were determined, and buildings, roads etc. located in those
BY (kutogluh@hotmail.com) areas were documented by a GIS analysis.
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Surface deformations in heavily forested areas can be de-
Fig. 1. Location of Zonguldak city and TTK hard coal basin tected best through L-band SAR data, which can penetrate
(source: GoogleEarth). vegetation (Gens, 2006; European Space Agency, 2009). For
that reason, L-band ALOS Palsar data was considered first
to detect the surface deformations in the Zonguldak basin.
However, sufficient data pairs having a baseline less than
500 m could not be found. Therefore, it was decided to uti-
lize the data from C-band RADARSAT, because orbit stabil-
ity is quite good. Figure 4 shows the acquisition dates of
16 RADARSAT images used for the study.
INSAR technique has found a wide use since the late 1990s The image dated 24 July 2005 was chosen as the mas-
for monitoring ground deformations caused by landslide,ter image and others were considered slave images (Fig. 3).
tectonic motions, natural and mining-induced subsidencel herefore, 15 INSAR data pairs were composed to detect sur-
events, and etc. InSAR applications for landslides canface deformations in relation to the master image. Each pair
be exemplified by Colesanti et al. (2003), Colesanti andhas the baseline less than 500 m.
Wasowski (2006), Hilley et al. (2004), Kimura and Yam-
aguchi (2000). This technique has been mostly appliedz'2
for monitoring tectonic motions (Kimura and Yamaguchi,

2 Detecting surface deformations using
INSAR technique

INSAR processing for deformation monitoring

- i . ) INSAR uses phase information of SAR data. The distance
2000; Burgmann et al., 2006; Delouis et al., 2002; ‘]Ohan'change between a sensor and the ground can be measured

son and Brgmann, 2005; Wright et al., 2004;uBymann from phase difference of two observations using phase pro-

et al., 2002). It has also been used successfully for Surberty in slant-range length:

face effects of subsidence induced by natural causes or man
made activities (Poland et al., 2006; Amelung et al., 1999;¢ = ¢orit + Ptopo+ Patm~+ Pdef+ Pnoise D

Tomas et al.,, 2005; Dixon et al., 2006; Fernandez et al., i L : .
2009). However, INSAR technique, for deformation moni- where donit is the orbit fringe caused by baseline distance

toring, depends a lot on local conditions such as topograph)Pbtained by two observations whiggop, is the topographic

vegetation, atmosphere as well as resolution of data. Ther ringe with respect to terrain. These are described by the

fore, each study can be regarded unique. For instance, it lOWing equations

Turkey, many successful studies were carried out for moni- 41 Bpara
toring tectonic movements, however, no successful study t¢orbit= Py ©)
detect mining-induced deformations has been carried out yet.

PO T psina (
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Fig. 3. Radarsat data used for the study.
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Fig. 4. D-InSAR processing procedure used in this study (Deguchi et al. 2006).

In these equationsparaand Bperprepresent parallel and per-  In order to measure the time series of deformation, we ap-
pendicular components of baseline, respectively. Alsa, plied the smoothness-constrained least-squares method to the
p anda represent elevation, wavelength, slant-range lengthpixels satisfying (a) and (b) below:

and incidence angle, respectively. Finalhym is a phase

delay caused by the reflection of microwaves in the water (&) capable of phase unwrapping,

vapor layer,¢noise is the error component caused by ther-

mal noise, or temporal and spatial decorrelation associatedP) coherence values greater than 0.1.

with baseline distance or scattering characteristic chang . .
and gger represents the amount of surface deformation du ?The amount of deformation since 24 July 2005 was solved

ing the period between two observations (see Massonnet a an unknovv_n_pa_trameter under the condition than the
Feigl, 1998; Franceschetti and Lanari, 1999; Hanssen, 2001 Q. (4) was minimized.

Radar Interferometry - Data Interpretation and Error Analy- © 0\

sis, Springer Verlag, New York. The whole process in which U= Z (¢i,j - ti,j)

the deformation interferograms are obtained is explained by ) _ _ N2

a scheme in Deguchi et al. (2006), illustrated in Fig. 4. +a Z(flrst or second difference x;ff;) )

whereq&f@ is the amount of deformation éfth periodic ob-
servation since 24 July 2005. The pixel location is indicated
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Fig. 5. Final deformation map around Zonguldak Urban Area for [eres 2517 PHSTRA 2N,
15 months. -

usingi and j. The amount of deformation df-th peri-
odic observation estimated by smoothness-constrained co

gt q ived i (k) ri‘fig. 6. Temporal deformation developments from the D-InSAR
ition is described in;

. Finally, o is a parameter to con- pairs.

trol the smoothness ofk) and the optimum value is de-
cided by minimizing Aka|kes Bayesian Information Crite-

rion (ABIC) given below. per 15months. A detailed temporal development of the
deformation, detected from the each pair, is given in Fig. 6
ABIC = nlog2n +n|0g02+n+2nlogdet(l +a2DTD> for the foregoing area.
- nlogoz2 (5)

. 3 GPS validation
wheren is the number of unknown parameters arfds de-

fined byU/n. Also, I is the identity matrix an® is the matrix  p_|nSAR can reveal areal deformations over resolution lim-
of first or second difference 0)( (Goldstein and Werner, its of data depending on the factors stated above. InSAR

1998; Akaike and Kitagawa, 1999) technique can catch an existing deformation, but can not ver-
ify non-existent deformation. Moreover, deformation rates
2.3 Results can be slightly different point to point in equi-deformation

area detected by InSAR. Last, but not least deformations
Applying the above-mentioned procedure for the from INSAR are in the direction of slant range. Therefore,
RADARSAT data pairs have resulted in the deforma-the INSAR results must be validated through a more exact
tion map given by Fig. 5. Since RADARSAT is a C-band method such as GPS.
microwave sensor, it is difficult to provide high coherence In this study, a geodetic network with fifteen site points
between master and slave images in densely, vegetatestas established in the study area (Fig. 10). This network
areas. Consequently, fringe with spatial continuity waswas observed 4 times through GPS technique, which is the
observed only in the urban district. As seen from the figure,most effective surveying method for monitoring pointwise
there are significant surface deformations near Kozlu districideformations. Figure 7 shows the time schedule for the GPS
(Fig. 5). The core (maximum) area of the deformation in observations.
red, coincides with the secondary and high school education The GPS observations were conducted in static mode
campus located in the most densely populated area of thaith one hour sessions. For datum definition, the network
city. Also, the university campus is located in the blue zone.points were connected to the four points of Turkish National
The maximum rate of the deformation is obtained as 5.6 cmFundamental GPS Network (TUTGA). The observations in
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all the periods were processed into a batch adjustment with
respect to the principle of free network adjustment to obtain~
the temporal coordinates of the site points. In the first pro-
cess, two TUTGA points were found unstable. Then, these

points were removed from the datum definition, and the fi- Sl bt

nal results were obtained regarding the other two TUTGA j%:

points. -425m
Figure 8 shows the surface deformations at the site e

points located in the significant deformation area determined »

through INSAR technique. The GPS results validate the ex- [Jmaeczeee

istence of a vertical deformation in this area. The total de- N Mining Shaft

formations are-8.2cm/13 months;-7.3cm/13 months and 3 Fms Tt st R P : 9 GPs point

* i

—4.4cm/13 months at the points 113, 114, and 115, respec” e e s e i ssean o 1o
tively. In this region, the deformation rate was obtained Fig. 10. INSAR deformation map, digitized mine production map
5.6 cm/15 months by INSAR. As stated above, the deformaand Quickbird Orthoimage combined in GIS.

tions obtained from INSAR are areal while those from GPS

are pointwise. For a comparison of both methods, an average

deformation rate is obtained 6.6 cm/13 months for the threedeformation zones with 1 cm intervals have been vectorized
GPS points. If two months time difference is ignored coher-for defining different levels of deformation (Fig. 9). Then,
ence of the average GPS rate with INSAR result is 85%. Inthey were both displayed on QuickBird Orthoimage for the
this respect, the results from both techniques can be regardgégion (Fig. 10).

as comparable. As seen from Fig. 10, there are mining activities at three
different mining levels £425,—485, and-560 m) under the
4 GIS integration and analysis deformed zone. This might be the main reason for the subsi-

dence effects monitored on the ground.
After INSAR processing, the underground mine production For the risk assessment, superstructure over the region
maps for the related area were digitized and incorporated t@uch as buildings, roads etc. was extracted from the Quick-
GIS to establish the relationship between the obtained surbird image, thus, the final product was obtained for further
face deformations and the mining activity. Also, the final de- GIS analysis (Fig. 11). All the GIS integration processes ap-
formation map was integrated to the system, and equivalenplied for the study is illustrated in Fig. 12.
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Fig. 14. An example of the damaged buildings documented on site
Fig. 12. GIS integration process. (from a high school).

) ) o Finally, the buildings were investigated on site; the dam-
Using the final product, statistics of the structures affectedaged ones were documented, and the documents were relo-
by the subsidence were studied by the buffer zone analysigated into the GIS (Fig. 14). In Fig. 14, a high school dam-

Thus, buildings and roads located in the different degrees opged due to the subsidence is illustrated by the designed GIS.
the deformation zones were determined (Fig. 13).

Based on the analysis, the size of the deformed area de= -
' % I
tected by INSAR is totally 1.83kfn A total of 51 govern- Conclusions

mentand 1040 private buildings (residence) are located in th\s stated previously, Zonguldak lands have very steep topo-
detected deformation zones. Also total length of the roads inyraphy with heavy forest cover. In this difficult geography,

these zones is 11.8 km. A detailed distribution of the struc-not only is a heavy mining activity carried out underground
tures into the deformation zones can be seenin Table 1. pyt also a dense urban life survives on the ground. In this

context, Zonguldak city is a rare place in the world. This is
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Table 1. Distribution of the structures into the deformation zones.

Deformation zone Area Government building Private building Road length
(m?) (m)

1st degree 44216.04 1 (high school) 26 525

2nd degree 83805.19 4 (1 high school, 2 gyms) 35 782

3rd degree 138937.46 2 (1 high school) 73 1461

4th degree 180140.77 6 (2 university buildings, 1 primary school, 1 hostel) 121 2969

5th degree 290715.80 17 (7 university building) 162 5107

6th degree 1094 307.47 21(12 university buildings, 1 gym, 4 hostels) 623 7239

(totally 1832122.73)

the first study that the subsidence effects around the city wer®eferences

successfully observed through the INSAR technique and in-

terpreted by GIS. At the same time, this is also the first suc-akaike, H. and Kitagawa, G.: The practice of time series analysis,
cessful study in Turkey in which D-InSAR is applied for Springer-Verlag, New York, 327-339, 1999.

monitoring the mining-induced surface deformations. Fur-Amelung, F., Galloway, D. L., Bell, J. W., Zebker, H. A., and Lacz-
thermore, an extensive mining activity carried out under a niak, R. J.: Sensing the ups and downs of Las Vegas: InSAR
densely populated city makes INSAR-GIS integration neces- reveals structural control of land subsidence and aquifer-system
sary. In this regard, the study is one of the first studies in deformation, Geology, 27(6), 483-486, 1999.

which urban deformations monitored by InSAR results areBurgmann, R., Ayhan, M. E., Fielding, E. J., Wright, T. J., Mc-
analysed within GIS. For instance, a similar investigation ~C1usky. S., Aktug, B., Demir, C., Lenk, O., anditkezer, A.: De-

. . formation during the 12 November 19991fce, Turkey, Earth-
\;Vggél[;)erformed for the city of Naples, ltaly (Lanari, et al., guake, from GPS and InSAR, B. Seismol. Soc. Am., 92(1), 161-

. . . 171, 2002.
In this study, processing of the 15 RADARSAT data pairs Burgmann, R., Hilley, G., Ferretti, A., and Novali, F.: Resolving

resulted in subsidence of about 6cm/15months between yertical tectonics in the San Fransisco Bay Area from perma-
24 July 2005-5 September 2006. This is quite a rapid defor- nent scatterer INSAR and GPS analysis, Geology, 34(3), 221
mation rate. The deformation area monitored surrounds the 224, 2006.

most populated area in the city, where many buildings andColesanti, C. and Wasowski, J.: Investigating landslides with space-
roads are located. The mine production maps of TTK show borne Synthetic Aperture Radar (SAR) Interferometry, Eng.
that there are mining activities at the three different min-  Geol., 88(1-2), 173-199, 2006.

ing levels (-425, —485, and—560 m) under the deformed Colgsanti, C, FerreFti, A, Pr.ati, C., and Rocca, F.: Monitoring Iand-
zone. These activities might be the main reason of the sub- slides and tectonic and with the Permanent Scatterers Technique,
sidence effects monitored on the ground. In addition, the Eng. Geol., 68(1-2), 3-14, 2003.

int buildi tock in th . iaht b ther fact Deguchi, T., Kato, M., Akcin, H., and Kutoglu, H. S.: Automatic
Intense building stock In the region mig € another factor Processing of Interferometric SAR and accuracy of surface de-

triggering th_e subsidence. According to the G_IS a”a'YS'_S’ It tormation measurement, SPIE Europe Remote Sensing, Stock-
was determined that 51 government, 1040 private buildings hojm, Sweden, 2006.
and 11.8km long roads are in the 1.8%nisky area. Those Delouis, B., Giardini, D., Lundgren, P., and Salichon, J.:, (2002).
statistics reveal the dimension of the problem experienced Joint inversion of INSAR, GPS, teleseismic, and strong-motion
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