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ABSTRACT

Locating zones of submarine or sublacustrine groundwater discharge often presents the most important
part of a costal hydrogeological research. These zones are most commonly unobservable from the surface, so
their determination requires complex research of large areas (the measurement of water temperature and salinity
from craft vehicles, diving explorations, etc.). Analyzing of satellite and aerial images represents a more rational
way for locating of sublacustrine and submarine springs (vruljas). Application of remote sensing for these
purposes can include two techniques: determination of temperature anomalies from the thermal infrared satellite
images and identification of faults which control groundwater flow. The Landsat 7 ETM+ thermal bands for the
area of Skadar Lake are used for the determination of the temperature anomalies, i.e. the locations where colder
groundwater outflow below the warmer lake water. For the identification of faults, color composite image (Landsat
bands 4, 5, 7) are used, and after a selection of potential zones, detailed aerial images are also analyzed.
Considering that the main sublacustrine springs of the southwest cost of Skadar Lake were known by previous
complex researches, this area was used as a pilot area for the testing these remote sensing techniques. It has
been concluded that the application of remote sensing can be very useful for the focusing the hydrogeological
investigations to potential discharge zones which can significantly reduce the cost and time of a research..
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Introduction

Determining positions of submarine and sublacustrine springs (vruljas) always represents a complex task.
The biggest problem is unavailability for direct observations, considering that thease hydrogeological
phenomenon outflow under the lake or sea level. When discharge of groundwater is concentrated, sublacustrine
springs can be recognized at the water surface (they are manifested as the circular zones), but the cases where
groundwater discharge is invisible are more frequent. Mostly, the difference in a temperature between
groundwater and surface water is significant, so that the temperature anomalies occur on the locations of springs.
Thus, the temperature presents one of the parameters that can be used to detect zones of groundwater
discharge, but these locations can be also assessed based on geological, geomorphological and tectonic analysis
of coastal terrain.

Using remote sensing, i.e. appropriate satellite scanners for the thermal infrared region of the
electromagnetic spectrum, is possible to detect relative values of temperature on water surface. Also, satellite and
aerial images can be used for analysis of geological, tectonic and geomorphological characteristics of a terrain.
Therefore, it raises question whether it is possible to determine the locations of sublacustrine or submarine
springs using the remote sensing, and thus avoid the complex research of large areas (the measurement of water
temperature and salinity from craft vehicles, diving explorations along the whole cost, etc.)?

Techniques described in this paper are partially successfully applied at the Boka bay area (Radulovi¢ and
Matovi¢ 2010), but additional test of more compleate methodology is performed at the southwest edge of Skadar
Lake. This area presents an appropriate pilote area for the methodology testing and giving the answer to
forementioned question, considering that location of the two largest sublacustrine springs (Radu$ spring and
Krnjice spring) are known from previous hydrogeological,hydrological, bathymetric and diving research (Radulovi¢
1989; Avdagi¢ 1991, Radulovié 2000, Szerszen 2008; Cvorovi¢ 2009). Hence, the aim of this research is to test
whether without any fieldwork (only by using satellite and aerial images) is possible to detrmine the locations of
these two karst springs [1-36].

1. Physical-geographical characteristics

Skadar Lake is situated at southeast part of Dinarides, where they represent one of the biggest natural
reservoirs of fresh water.

The pilot site is represented by the catchment area of sublacustrine springs of southwest edge of Skadar
Lake (figure 1). This catchment area occupies 185 km2, out of which 173 km2 (93.5 %) belongs to the territory of
Montenegro, while 12 km2 (6.5%) belongs to territory of Albania.

The wider area of Skadar Lake has a modified Mediterranean climate. Average annual air temperature is
around 12 °C, and average annual precipitation is approximately 2,500 mm. The temperature of the lake water
varies temporal and spatial, and it is usually within the range from 6 to 30 °C.

Montenegro

0 50 km
Figure 1. Geographical position of the pilot area (black area)
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2. Geological and hydrogeological characteristics

Studying the geological structure of this region have dealt with many domestic and foreign researchers
(Tietze 1884; Baldacci 1886; Hassert 1895; Cviji¢ 1899; Nopcsa 1916; Bourcart 1926; Waisse 1948; Milovanovic
1965; Bessi¢ 1969; Grubi¢ 1975; Mirkovi¢ et al. 1985). The main base for exploring the geology of this area is a
Geologic map of Montenegro 1:200,000 (Mirkovi¢ et al. 1985) and Regional geological map of sheet "Bar"
1:100,000 (Mirkovi¢ et al. 1978).

Skadar Lake area belongs to the tectonic unit of the “Visoki krs”. Carbonate rocks (limestone and dolomite)
have a dominant distribution on this area. Total thickness of carbonate rocks can be over 3,000 m. A strike of
strata on the pilot area is generally northwest-southeast, and dip toward Skadar Lake, with angle of 20-50
degrees. In the research area, there are a great number of faults which spreading in various directions (Fig. 4).

At Skadar Lake basin, the numerous hydrogeology researches have been performed (Torbarov and
Radulovi¢ 1966; Radulovi¢c 1989, 2000, 2012; Radulovi¢ et al. 1989, 1998, 2013; Zogovi¢ 1992; Buri¢ 1993;
Radulovi¢ and Radulovi¢ 2004; Stevanovic et al. 2008; Devi¢ 2011; Sekuli¢ and Bushati 2013).

Karst aquifer has dominant distribution in the wider area of Skadar Lake. Groundwater recharge occurs
primarily by direct infiltration of rainwater. Karst aquifer, which is formed within karstified carbonate rocks, has
high hydraulic conductivity. Groundwater flows mainly through privileged directions which are marked with faults
and joints.

Sublacustrine springs (vruljas) that occur along coastal part of the lake are actually underwater dolines
through which karst aquifer discharges. In the Skadar Lake is registered about 40 sublacustrine springs. The
depth of the underwater dolines is relatively high and it ranges from 10 to 70 m. Groundwater quality is relatively
good, with high content of calcium and hydrocarbons.

3. Methodology

Analysis of satellite and aerial images can be performed with the purpose of gathering of necessary data
that refer to geology, tectonics, groundwater flow directions and groundwater discharge points. Application of
remote sensing in hydrogeology is usually made at the initial research phases, so that they can timely be focused
to selected potential locations.

Application of remote sensing on this research area was implemented in three phases:

1. Mapping of Skadar Lake surface temperature — by creating this map, zones where colder
groundwater outflow were detected;

2. Regional mapping of the fault lines—this map is made for the catchment area of the southwest edge
of the lake, with the purpose of identifying faults that could direct groundwater flow to the discharge zone.

3. Detailed map of fault lines for the selected potential zones—maps were made for two discharge
zones in the local scale; on these maps, the faults which direct groundwater to the karst springs, were precisely
identified.

4.1.Mapping of Skadar Lake surface temperature by remote
sensing

In this section, a remote sensing technique for the mapping of the water temperature is described. As it
was mentioned previously, the purpose of this technique is to detect the temperature anomalies, i.e. the locations
of sublacustrine springs which occur below the lake level. This technique cannot give the real temperature values
without the calibration with field measurements, but only give the approximated values which are sufficiently
precise for this purpose.

Spectrum of electromagnetic energy which can be registered by satellite sensors is divided into separated
regions, from which one is infrared region. According to the source of radiation in infrared range, there are
reflected and emitted (thermal) unit. In emitted or thermal part, there is infrared radiation constantly emitted by
atmosphere, water surface, ground and objects. The wavelengths of this radiation vary from 3 to 1,000 um,
although maximum radiation appears in ranges 3—10 ym and 3—20 ym.

Satellite Landsat 7 is equipped with enhanced multispectral scanner (ETM+), which, beside other things,
registers thermal part of infrared area with wavelengths from 10.4 to 12.5 ym (band 6). Resolution of images
obtained is 60 m.
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The first step in process of creating temperature map of lake surface is obtaining appropriately processed
satellite image. The Landsat 7 ETM+ images are suggested because they are still fabricating in better resolution
for thermal-infrared region than the images obtained from other satellites. Also, it is required to obtain images
from the period of year when the yields of springs are hedge and at the same time there is a significant difference
in groundwater and lake water temperatures (e.g. April, May or June).

Every pixel (cell) of a satellite image possesses its own digital number (DN), which can vary in a range 0—
255 for images of 8 bits. These values of digital numbers need to be converted into units of spectral radiation
registered with sensor (W/m2 sr um), via following formula (LPSO 2009):

B [ LMAX; — LMIN,

QCALMAX - QCALMIN J x (QCAL - QCALMIN)+ LMIN: )

where is:
L,— spectral radiation registered by satellite sensor in W/m?sr pym,
QCAL — pixel value on an image expressed via DN (can be between 0 and 255),
LMIN, — spectral radiation for QCALMIN in W/m? sr um (for Landsat 7 ETM+, Band 6, Low Gain, LMIN, = 0 W/m?
Sr um),
LMAX,, — spectral radiation for QCALMAX in W/m®sr um (for Landsat 7 ETM+, Band 6, Low Gain, LMAX, = 17.04
W/m?sr pum),
QCALMIN — minimum pixel value expressed via DN (= 0 or 1),
QCALMAX — maximum pixel value expressed via DN (= 255).

Furthermore, spectral radiation values for every pixel of an image (band 6) should be translated into the

relative temperature values (°K) registered by satellite sensor (LPSO 2009), which can be obtained via following
formula:

T= )

where is:
T — relative temperature registered by satellite sensor (°K),
K, — calibration constant 2 (for Landsat 7 shots K, = 1282.71 °K),
K, — calibration constant 1 (for Landsat 7 shots K; = 666.09 W/m?sr um).

Converting temperature values from °K into °C is made according to formula: T°C = T°K — 273.15.
Calculating estimation with image pixel values can be facilitated by using GIS software like ERDAS IMAGINE,
ArcGIS etc.

Values obtained cannot be used instead of measuring values of temperature because they can significantly
differ, but they have satisfying accuracy for this purpose. By additional calibration process, the accuracy can be
improved, but in this particular case that is not necessary.

The disadvantage of this method is low resolution of images, because of scanner limitations for thermal
part of infrared region, so the smaller sublacustrine springs cannot be detected. Main advantage comparing to the
field measuring, is temporal and financial rationalization of a research. In every case, this approach should be
considered as a supporting technique which can improve hydrogeological research of groundwater discharge in
costal zones.

4.2. Regional mapping of the fault lines

Regional mapping of fault lines can be efficiently done by interpreting Landsat 7 ETM+ colour-composite
images made out of bands 4, 5 and 7, that are considered to be the most appropriate for geological researches
(Won-In and Charusiri 2003). This colour-composite is chosen as base for the regional mapping of fault lines in
the pilot area, in scale of 1:100,000 (Fig. 4).

Images of aforementioned bands are previously processed for the purpose of fixing their quality (image
enhancement). Contrast enhancement of raw images is performed by selective linear transformation of the
original pixel values. Also, spatial filtration of images is made using the process of linear elements emphasis
(edge enhancement) for the purpose of enabling faults to be more visible. Colour composite making from these
processed bands has enabled identification of large number of lineaments and production of the map of fault
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lines. The image has been transformed into the appropriate geographical projection so that all data obtained can
be combined with other maps (topographical, geological and hydrogeological).
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Figure 2. a) Colour-composite created of raw images; b) Col

4.3.Mapping of fault lines in the local scale

The maps of fault line in the local scale can be created by stereo analysis of aerial images. Stereo view of a
terrain is possible to achieve by using a stereoscope under which two oriented images are being observed. The
same effect can be achieved by using special hardware (3D/Stereoscopic Monitor with specialized accessory
glasses, graphics cards for hardware stereo) and software like Stereo Analyst for ERDAS IMAGINE, Stereo
Analyst for ArcGIS, Leica Photogrammetry Suite (LPS). A digital stereo model (DSM) of terrain which can be
created in this software obtains vertical exaggeration and better visibility of fault lines.

Generally, karst terrains are photogenic for the analysis and interpretation of images (Pavlovi¢ et al. 2001),
so the subjectivity during the identification of fault lines is negligible. The analysis and interpretation should be
primarily relying on direct manifestations of faults (disruption of bedding plane traces, disruption of geological
boundaries), as well as onto standard criteria like: landforms, vegetation, colour and tone of ground surface. In
karst terrains faults are generally manifested by elongated depressions (sinkholes) which are linearly distributed.
Linear arrangement of vegetation can also indicates fault zone, but vegetation and tone features should be
always considered as supporting criteria (Pavlovi¢ et al. 2001).

The maps of fault lines of two selected zones have been made by analysis of aerial images captured by
photogrammetric camera WILD RC30 in shooting scale 1:8,500. After the interpretation, aerial images and
identified lineaments were converted into orthogonal projection.

5. Results
5.1.Map of temperature of Skadar Lake surface

Result of applying technique described in the Section 3.1 is the map of temperature of Skadar Lake surface
(figure 3). In order to register temperature anomalies, an image from spring period of year has been used, when
there is appropriate temperature difference between groundwater and lake water, and at the same time the high
yield of sablacustrine springs. The Landsat 7 ETM+ image (thermal-infrared band-Band 6, resolution 60 m)
captured on 23rd of April 2002 is obtained.

From the temperature map (figure 3), there can be concluded that the huge influence on local change in
lake water temperature has the Radus spring. In the location of this sublacustrine spring a significant temperature
anomaly, presented by blue tones on the map, has been detected. Also, the temperature anomaly, i.e. discharge
zone of colder groundwater below lake level, has been detected in the Luke bay, in the location of the Krnjice
spring. Further, along the coast towards southwest, temperature anomalies were not detected. The yield of other
sublacustrine springs is probably not high enough to affect a greater change of lake temperature. From the
temperature map (figure 3), there can also be concluded that, the Moraca River (north-western part of the map)
brings significantly colder waters to the lake, which is also a case with Drim River (south-eastern part of the map).
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Figure 3. Map showing the temperature of the surface of Skadar Lake, obtained by satellite image LANDSAT 7 ETM+
(thermal infrared band—Band 6; resolution 60 m; date of capturing: 23 April 2002). The temperature anomalies (blue
tones) indicate the locations of some sublacustrine springs, where colder groundwater discharges below the lake
level (Radulovi¢ et al. 2015)...we must ask for the permission from the Springer

5.2.Regional map of the fault lines

Map of the fault lines of southwest edge of Skadar Lake (Fig. 4) has been created for the purpose of
identifying the fault lines which can control the groundwater flow towards the springs.

From the map of the fault lines, there can be seen that the catchment area of the southwest coast has a
significant number of faults orientated in various directions. Special attention should be paid to researching
hydrogeological function of faults oriented southeast-northwest and south-north, and their possible function in
transmitting groundwater towards Radu$ and Krnjice springs.

0 5,000 7,500 10,0&0

Fault observed -—— eters

e Fault assumed
Reverse fault

Figure 4. Map of the fault lines of the site area
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5.3.Map of fault lines in local scale

The detailed map of fault lines (figure 5) has been created for the background of Luke bay and Radu$ bay
(figure 5), because those two locations have been selected as potential zones of sublacustrine groundwater
discharge (Sections 4.1 and 4.2). Detailed analysis of the tectonics of coastal area obtained determinations of
discharge locations and local groundwater flow directions.

Area of Luke bay has got two important faults. First fault is orientated in south-north, and the second one in
west-east direction. These two faults intersect not far from the coast, on a location where the groundwater
discharge is assumed. The discharge point has been recognized over brighter tones on aerial image (figure 5a),
what is also one of the possible indicators. The position of this karst spring (Krnjice spring) is known from the
previous complex researches (Radulovié 1989; Radulovi¢ et al. 1989; Szerszen 2008; Cvorovié 2009), which
suggest that on this location there is underwater doline, on the depth of around 20 m.

Also, on the area of Radu$ bay a great number of faults have been registered. Some of this faults can
important hydrogeological function, like faults along the west edge of the bay, which have a general direction
southwest-northeast. The location of groundwater discharge is assumed to be on the intersection of two faults,
below water surface. The exact place of sublacustrine spring is represented by brighter tones on aerial image
(figure 5b). In that zone, sublacustrine spring was also reported by previous researcher (Radulovi¢ 1989; Avdagi¢
et al. 1989; Radulovié et al. 1989; Szerszen 2008; Cvorovi¢ 2009). The location of spring is presented by
underwater sinkhole with diameter of around 130 m, and depth over 70 m.
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Figure 5. a) Map of fault lines of the area of Luke bay; b) Map of fault lines of the area of Radus bay
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6. Conclusion

The techniques presented in this paper are used for determining the locations of sublacustrine springs by
applying remote sensing, i.e. by analysing and interpreting of satellite and aerial images. This approach involves
creating of three types of maps:

- Temperature map of lake surface;
- Regional map of fault lines; and
- Map of fault lines for the potential zones in local scale.

At the example of southwest coast of Skadar lake, it is confirmed that approximate locating of sublacustrine
springs can be performed by using remote sensing, without applying the complex fieldwork research.

It is essential to remark that this is a supporting approach, which has lower accuracy than detailed fieldwork
researches (bathymetric survey, temperature measuring from the craft vehicle, terrestrial thermo vision
recordings, speleological and diving explorations). However, applying this approach enables significant temporal
and financial rationalization, so it is the most desirable to apply it at the initial phase, in order to focus the
research to the potential locations.
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OnpepeneHne MecTONONIOXKEHUA BCNOMOraTesnbHbIX 03€PHbIX UCTOYHUKOB
C NOMOLbI0 AUCTAHLUMOHHOIO 30HAUPOBaHUA
Ha npumepe Ckapgapckoro o3sepa (YepHoropus)

M. Pagynosuu', I'. Cekynuuy °
YHueepcumem YepHozopuu (MHxeHepHO-cmpoumerbHbil ¢hakynbmem), HYepHozopus, 81000, Modzopuua,
Cetinjski put bb.

UHdopmauma o ctatbe UcTopusa KniouyeBble cnoBa
YOK 69 MNogana B pegakumto 20 peBpand 2015  gucTaHUMOHHOE 30HOMPOBAHME,
MpuHaTta 26 cespanga 2015 cyb603epHble NCTOYHUKM,
rmgpornormyeckme nccreqoBaHus,
rmapoTexHUKa,

Ckagapckoe 03epo

AHHOTALINA

PacnonoxeHne 30H NOABOAHbLIX MCTOMHUKOB O3€p 4YacTo NpeacTtasnsdeT cobon Havbonee BaXHYIO YacTb
rMAPOreonIorMyecknx nccrnegoBaHuii. T 30HbI Hanbonee 4YacTo ABNAIOTCA HeHabnaaeMbiMU C MOBEPXHOCTY,
noaTtoMy wux onpegeneHve TpebyeT KOMMMEKCHOrO uccrnegoBaHus 6GonblumMx nnowagen (M3mepeHve
TemnepaTtypbl U CONEHOCTU BOAbl, JAVBUHI UCCMNefoBaHUM U T.4.). AHanu3 CnyTHUKOBBLIX N ad3pOdOTOCHNUMKOB
npeacraendet cobor 6Gonee pauuoHanbHbIA CNOcob ANs noucka MECTOHAXOXAEHUS NOOBOAHBIX POLAHMKOB
(vruljas). MpumeHeHWe OUCTAHUMOHHOTO 30HAMPOBAHUS ANA 3TUX Lienew, MoryT BkMovaTb B cebsa ABa meTtoaa:
onpegerneHne TemnepaTypHbIX aHoManui OT TennoBblX WHMPAKPACHBIX CNYTHUKOBLIX W300paXeHun u
naeHTudrKaumm HemcnpaBHOCTEN, KOTOpble KOHTPOMMPYIOT MOTOK rPyHTOBLIX BoA. Landsat 7 ETM + Tennosble
nonsa ansa obnactn Ckagapckoro o3epa MCMONb3yTCA AN onpedeneHns TemnepaTypHbiX aHOManun, T.e. Tex
MECT, e XOmnogHbli MOTOK [PYHTOBbLIX BOA4 OTNMYaeTcs OT Tension BoAdbl o3epa. Onsa waeHTudmkauum
ucrnonb3yetcs LBETHOe cocTaBHoe u3obpaxeHue (Landsat nomocbl 4, 5, 7), a nocne HaxoXgeHUs
NOTeHUManbHbIX 30H aHanuManpylTcs noapobHble aspodOTOCHUMKW. Y4uTbiBas, YTO OCHOBHbIE O3€pHble
NCTOYHUKM toro-3anagHon Yactu Ckagapckoro osepa 6binv M3BECTHbI paHee KOMMIEKCHbIX UCCeaoBaHun, aTa
obnacTtb 6bina ucnonb3oBaHa B KayecTBe MUMOTHOW TeppPUTOpPUM ANA TECTUPOBAHWUA METOAOB AMCTaHLMOHHOIO
30HOupoBaHus. bbin caenaH BbIBOA4, YTO AWUCTAHUMOHHOE 30HAMPOBaHWE MOXeT OblTb MCMOMb30BaHO ANd
(POKYCMPOBKN  FMAPOreoniorMyeckne UcCCrnegoBaHun, YTO MOXET CYLECTBEHHO CHU3UTb BPEMEHHble U
MaTepuarnbHble 3aTpaThl HA UCCregoBaHNS.

KoHmakmHbIl asmop:
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