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GIS analysis of dissipation time of landscape in #Devil's city (Serbia)

Aleksandar Valjarew#, Danica Sre*kovié-Batocanin?, Dragica Zivkovi® and Marija Perié®

The Devil's City is a unique geomorphological sitell known regarding strangely sculptured stonyapd or soil (clayey) pyramids,
abandoned mines and two rare hydrologic occurrentég present landscape is partly inherited from plaleo-volcanic topography and
shaped afterwards by erosion, particularly lineangion. Soil pyramids owe their origin to the diéfietial erosion of a more compact
andesitic level on less cohesive pyroclastic matemd dsintegrate relatively quickly when they lose thgiotective "cap”. Th@yramids
are located along the two gullies, Devil's and Helln the latter, also known as “The young DeviCity” the erosion process is in
the beginning. The results of combined petrologéeal geomorphological studies permitted us to retroet past geological processes and
predict the future evolution of the Devil's Cit@eographic information system (GIS) and digital dgaphic modeling are becoming
powerful tools not only in geographic sciencesdlsb in geomorphological and geological modeling.
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1. Introduction

The Devil's City occupies approximately 4300 tbroader area is 84404%)rin the south of Serbia, in
the base of Radan Mountain. The altitude of thallbcis 700-720 meters. The distance from the teh@ity,
Belgrade is about 290 km and it is 29 km away ftbenmunicipality of KurSumlija (fig. 1).The areaspatially
and genetically related to the Lece eruptive compleat covers approximately 700 krand represents
the medium part of the Alpine-Balkan-Carpathian. afhis arc was formed through approaching and
the collision of the African and the Eurasian pdaie=. under the subjection of the Tethyan oceamist beneath
the continental Moesian platform. The site is pthoader state protection in 1959, and in 1995 wesdaded
a natural resource of great importance and includethe first category of protected monument ofunet
The site was in 2008 nominated for the Seven Wdftothders of nature. The unusual shapes, known ay sto
pillars or soil (clayey) pyramids, abandoned mined two rare hydrologic occurrences are promineatufes
of the Devil's City (fig. 2).

Fig. 1. The terrains in the central part of the Bah peninsula, along with the position of the Delity in Serbia. ESCB - The composite
terrain of Carpatho-Balkanides; SMCT - The Serbistacedonian composite terrain; VZCT - The Vardan€geomposite terrain;
KB - The Kopaonik block; DIT - The Drina-lvanjicartain; DOB - The Dinaridic ophiolite belt; EBDTThe East Bosnian-Durmitor
terrain; CBMT - The Central Bosnia Mts. terrain. OA - The Dalmatian-Herzegovinian composite teri@aramata, 2004).
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The soil pyramids stand from 2 -15 m in heighttret base from 4 to 6 m wide and at the summit of
1 - 2 m. These ephemeral forms disintegrate retiguickly when they lose their protective "cag“amdesite
blocks. Similar landscape defined by the isolatéthacles known as "Fairy Chimneys" was developed in
pyroclastic ignimbrites in Cappadocia [1,2].

Fig. 2. The central position of soil pyramids fretDevil's City.

2. Methods

2.1. Digital analysis

Calderas were reconstructed using methods anditeemof remote sensing. In this case we used aero-
photo recordings and topographic maps of this avéa.used also aero-photo recordings in a resolution
10 meters and topographic maps which were givethénratio 1:25,000. The digitized topographic mdp o
the Devil's City was prepared using the open so@E4S 2.6 Bridgton software. This GIS multicriterieethod
is specialized to vectorize and calculate smalasiren the maps. The GIS multicriteria model indisavhere
are the potential erosion places [3]. Accordinghe performed digitalised topographic map werengstid
the slope angles, depths and lengths of more axtegsillies. We used these values to evaluate thsive
power of water [4]. The content of elements in 8olu samples taken from two springs was determimgd
inductively coupled plasma atomic emission specttoyn (ICP-OES) in the Laboratory of the Faculty of
Chemistry, Belgrade University. The ICP-OES meaw@m was performed using Thermo Scientific iCAP®50
Duo ICP (Thermo Fisher Scientific, Cambridge, Uditeingdom) spectrometer equipped with CID86 Charge
Injector Device (CID) detector, standard glasscemtric type nebulizer, quartz torch, and alumimgator.
The optical system purged with argon and the Eehpblychromator thermostated at 38 °C. Instrumental
conditions were optimized to obtain sufficient sévisy and precision [5].

2.2. Geological background

The geology of the broader area is presented obabkie geological map, sheet KurSumlija,in theerafo
1:100,000, which comprises the southern and sost#eaparts of the mountain Kopaonik, the westemtspof
Radan Mountain and the Toplica basin [6]. The legiresents the former link between the Aegean and
Pannonian Sea [7,8]. The oldest rocks are Precambgneisses, followed with Devonian limestones
occasionally marbleized. Cretaceous conglomeratdsflgsch
products are widespread, accompanied with rocksthef
Jurassic ophiolite mélange [9]. The most remarkal
lithological units are volcanic and pyroclastic kecVolcanic
rocks are dominantly andesites, built of plagiogléandesine),
amphibole, biotite and pyroxene (fig.3). Accessoaee apatite
and metallic minerals. Texture is porphyritic. Quaandesites
and dacites occur sporadically with the presenceyuartz.
Uniform chemistry of andesites reflects on uniforofcanism.

Fig. 3. Microphotography of andesite with phenotsysf
amphibolehornblende (ho). Length of microphotogsajsh3 mm.
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Pyroclastic rocksre mostly represented with weakly bonded volcéméccias and tuffs. Agglomerates,
volcanic bombs and blocks are less abundant. Tioess are exposed as horizons from a few metet®@om
thick. Notable characteristics of the Devil's Ciye the prevailing of pyroclastic rocks over antssiand
intensive hydrothermal activity.

Hydrothermal activity greatlgontributed to the present morphological settaimgl created several quartz-
brecciated zones, commonly exposed as reefs dileitohigher resistance. The extension of quaréctiated
zones is from a few tens of meters to 6 km, and thaximal width is 50 m. The most intensive hythieimal
process was silification. The zones are ore bearaither brecciated or massive, composed of whitish
cryptocrystalline to amorphous silica, opal, chdfm®y, quartz, epidote, siderite, hematite, rockgrinants, Pb-
Zn sulphides etc. (fig.3). Variable mineral compiosi in distinct zones is a consequence of variaiiknsity of
hydrothermal alteration. In relatively small aresbere hydrothermal influence was lacking the supiaif
weathering affect all the exposed rocks and detue soil, known as andosols [10]. The soils anedyawith
clayey compound up to 11% in abundance, slightigieci.e. humus-silicate (ranker) with A-C-R hairs.
Weathering indices obtained from the soil in theviDe City using indices proposed by different arthare
presented on the table 1.

Tab. 1. Weathering indices of the soil in the De@ity. CIW-chemical index of weathering (Harndi888); CIA- chemical index of
alteration (Nesbitt & Young, 1982); WI — weatherindices (Parker, 1970); MWPI — modified weatherindices (Vogel, 1975).

1 2 3 4
Clw 50 54 58 76
CIA 45 49 53 69
Wi 84 74 74 26
MWPI 195 16.1 15.1 11.3

2.3. Volcanism characteristics
Volcanism inthe Devil's City is related tdUpper Oligocene. Regarding reference data, thhesgs could
be distinguished.
1. Formation of stratovolcanoes
2. Formation of calderas
3. Processes inside calderas and consolidation afdimplex.

1. The explosive volcanic activity during the Uppeigotene produced several stratovolcanoes (compasite
grey volcanoes). These volcanoes are known as langelong-lived volcanoes, particularly those of
andesitic composition (fig. 4). They emit a combioa of lava flows and tephra, building steep-sided
volcanic cones. The amount of tephra exceededrtioauat of lava. Lava dome probably exceeded 1000 m
in height, as lava flows disabled or slowed dowas&m and loss of tephra. This prediction could be
confirmed by the present height of the Gajtan caldef nearly 700 m (fig. 5). Diameters of distinct
volcanoes might be over 30 km.

2. Stratovolcanoes were afterwards broken into catdenaughly circular basins from 1 to 25 km in déden.

In general, caldera develops through collapse #itepartial or complete emptying of the magma dbemn
when unsupported roofs sink slowly under their omeight. Primary dimensions of calderas cannot be
precisely determined due to pronounced erosion leduwith effects of subsequent endogenous motions
inside the calderas themselves. The Gajtan calddfee oldest with only preserved part on PetrovmaG
The best preserved, thus probably the youngebeis e e i

Tulare caldera with still preserved centre of dffns s 2l i, ‘s .
on Braina. The Devil's City caldera is the large S

with about 25 km in diameter and best preservjEs

parts at Sokolovica and on the Markov Vis. g

3. In the final volcanic phases already consolidatdse
bottoms of calderas were pushed upward :
ascended in the form of brachianticlines. Th s
process was accompanied by the creation of racs

solutions.

Fig. 4. Completely silicified rock. Length of mipteotographs is 3 mm
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Fig. 5. The present position of calderas in presetief of Devil's City

2.4. Abandoned mines

During the Sava tectonic phase in Lece was forme@rPdeposit in which was exploited Fe, Cu and Au
yet in the medieval age. Famous Saxon miners waren®ned by Serbian King Vladislav (1233 -1242). The
descendants of the Saxon families still inhabituitiege Stava, but they are completely assimilatagceived
Serbian names and orthodoxy. For this mine is pugbayenetically related extraordinary hydrologic
occurrences. The springs of these waters that imavey unusual properties are located at 768 m @dtitDevil's

gulley with longitude21’ 44 42 %, and latitude42°59 53 , zand coordinates of the source of Hell's gulley are

longitude21’ 24 28 ¢ and latitudet2” 59 51 ,& The properties of the water itself are examined el
content of heavy metals in springs of these twdiggiis given in the table 2.

Tab. 2. The properties of the water itself are exahand the content of heavy metals in springbesfe two gullies.

Fe Co Ni Mn Zn pH
DG 308.4 297.9 102.7 8957 1147 15
HG 144.1 776.4 415.6 4652 1198 35

These waters represent the acid mine drainage (AbDacid rock drainage (ARD) that refers to the
outflow of acidic water from abandoned Pb-Zn min&sid rock drainage is known to occur naturally it

some environments as part of the rock weatherimggss, usually within rocks containing an abundaofce
sulphide minerals [11].

3. GIS and Digital analysis

The geo-spatial variables used in this work havenhebtained from the analogue formats of the mags a
we have digitized them all. We divided the aredive classes, based on the degree of erosion. féwson of
the classes was determined by the super abundadocguality of data grid manipulation, the complgxf the
slopes terrain and the geographic variability of gituated location. The Grid cells were put ou&atm
resolution and were validated with the ground messent of shade tools with the help of GIS tooledfs,
2002). Using open source QGIS 2.6 Bridgton, weddidi mixed grid and put it into the softwakach data set
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was resampled to 25 m using a special filter inteailQum GIS 2.6. Average contour lines vector fileye
obtained from a digital shape when we derived ttata the DEM (Digital Elevation Model [12]. The @atrom
DEM were downloaded from the grid after digitizatiorhe grid was rescaled from 0 (least) to the eaifil
(ideally, close to be ideal). The distance to tbetour lines was given in the mixed elevation gl after that
converted to the map. Since all the data consistgublygons, it was necessary to convert them antyid like
points in a 25 m resolution. Then, the data weaadsdrdized by 0 and 1 values. The distance betlogast and
highest elevation points was 134 meters. The gritisbope directions were categorized accordingagiew and
terrain slope. The fifth class of slope is givenl afso one class of grid valued in a 2,5 m resmiufi 3]. Other
GIS data were derived from the distribution of moig erosion points with precision coordinates athivere
given in UTM (Universal Transverse Mercator) WGS @&ordinate system (Fig.6). The relief map of the
Devil's city region shows us that it is streamsaffothrough the central part of the area have exrslopes.
Based on the complete processing of GIS data widatlvarea in fife class. Categories of degree slapee
next scores (B5°, 5.1°-10°,10.1%-15.@, 15.1%-20.®, >20.%). & degrees to 10degrees is not active erosion,
15.1°-20.0 is moderate, and more than Zlislan extremely erosion [14].

Fig. 6. Realistic model of Devil's city on theithftopographic map.

4. Results and discussion

The differences in topography and lithology in theader area caused hydrographic differences. In
the Toplica basin water flows are rare, with weads®n and accumulation rate, whereas in the minoua
regions frequent flows cause intensive erosion iacte deeper valleys. Hydrothermally altered aadtlyp
weathered rocks in the Devil's City were additidypaxposed to mass-wasting and erosion that firstigped
the present landscape. Water and wind are two it@apbforces that effect the whole area but terfoktthe most
noticeable and have their main effects on slopes, banks of the two main gullies, Devil's andldelue to
their high-angle erosional unconformity. Over 2@6nyg pillars are exposed in the Devil's Gully (fi. In
the Hell's Gully, known as "Young Devil's City" ,egmew pyramids are forming [15].

The slope angle was calculated according to thatemyy where 57. 3 is radianl, = are the lowest and
the highest points in the profiledm - length of fivefile in meters. The very same formula is usedlie slope

angle expressed in percenta[g"e:%ElOO% . The obtained anglethe Devil's City is

m

a’ 2%3[57,3: 32,15 in degrees, and 0’%2%3&002 56,12% in percentages,

respectively. This is the basic parameter of thmd¢oaphy in the Devil's City and as the consequdirear
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erosion became the dominant force. Atmospheric watains only a potential energy after hitting therth's
surface and losing kinetic energy. However, unther influence of gravity, with an increase of theglanof
motion, the atmospheric water receives kinetic gyneagain [16].

Ek=M ﬁ/—z
2 (1)

Therefore, after converting the potential enerdy kinetic energy, only one part of the water iteadither
to drain the surface or to swell underground. Tgeat of liquid agent is the main factor of lineardasurface
erosion. In the area of Devils’ City running watier moving either laminar or turbulent. The former i
characteristic for surface acceleration, whereaddtter takes part in line acceleration. As thaseguence of
the presence of gullies between the huge pyramfideeoDevil's City, the turbulent movements of wadee
prevailing and include approximately 95% of thepdsal water. Only the rest of the 5 % are amenakde.
precipitation is absorbed by the surface it file fpore spaces, loosening pyroclastic particlesdaivthg them
apart. Subsequent water action additionally spkshe particles and included them imtater-laid transport and
slope movementsPyroclastic rocks in general are of low compreéisib{approximately 35 MPa). A mass
amount of water that flows away from the highesintsodepends on the slope, the height from whigs th
movement starts, and finally, on the depth of th@nmels. This can be expressed by the followingnida [17].

V =,/2gh @)

where "g" is 9. 81 mfsh is the altitude. The final formula for watercateration on the erosive plate is defined
as,

Vv =4,43/1l @)

Where "I" is an inclination angle of the terrairl, ™ is the length of the channels (gullies).

In the Devil's City there are two major watershaasl more than 11 micro gullies. Along these micro
gullies alinear, orrill erosion takes place. The action of runoff waterough these gullies tends to separate and
then isolate pyramids and enables their growings Turther accelerates the overall process. Théhdegf more
extensive gullies are given in table 3. These \sluere also obtained using the performed digitiopdgraphic
map (Zhu and Lin, 2009).

Tab. 3. Depths of gullies in centimetres.

1 2 3 4 5 6 7 8 9 10 11
28cm 38cm 50cm 56cm 35cm 21cm 24cm 35cm 45¢cm 61¢m 5cm?2

Their main characteristics were calculated usimgatithmetic mean values.

ni= (4)

Thus the average depth of gullies is A=38 cm. Tigéided lengths of these gullies were also obtdiaad
presented in the table 4. It should be notedttiet names are local names.

Tab. 4. Lengths of gullies included into the Dev@lity stream network.

Gully of Hell 412,8 m
Gully of Devil 222,7m
Big gully 4410 m
Black gully 429,1m
Little gully 341,0m
Gully height 8755 m
Bad creek 3779m
Yellow creek 6169,1 m
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In an attempt to confirm the obtained parametahefcalculated acceleration of water erosion inDbil
City, we have performed a calculation based onShezi constant number. The depth of the gullies @ind
the average inclination angle of the terrain wdsutated using the following formula:

V =c/RI (5)

where C is the Shezi coefficient and has the neligob C =

= const. 6) (
1+~
R
R
The obtained average relief parameters when thei 8befficient is= 6. 0 cm/s are: R=20 mm, 1=50 %,
y =2. The average depth of the gullies R, in the Dedity is 38 cm, the inclination angle | is 56.%2, and the

friction, )/ is only 2. Finally, the water acceleratiin the Devil's City is 9.76 m/s suggesting itsstiective

character. The used parameters for the erosive pofneater in the Devil's City =1 I ) are: h-altitudé o
slope and length of slopd, . Finally, we used fden§8) and we got the erosive power [18].

5. Conclusion

Erosion phenomena are both aerial and linear ctearsand consist mainly of the downslope transpbrt
loose pyroclastic deposits. Linear erosion wittealggical background has to be good tools for enptasome
phenomena and some processes. Area of Devil'pEgents a potential good example for destroyintpfan
nature. Linear and wind erosion done this landsddgenatural wonder. Investigations before notegfinal
scientific results in this area. With investigasan geomorphological, hydrological, climatologiciéhological,
geological and geographical area, we have betmwlauge of this area. The site is placed undee gtaitection
in 1959, and in 2013 is protected like special Katmonument in Serbia. The site was in 2008 normath&br
the Seven World Wonders of nature. If this erogiontinues, and reflect on the pyramid itself, thecpss of
fully informed destruction pyramids will last aboli©,000 years ago. Andesite rocker caps are midbieig
entire system would significantly speed up the gligarance of the pyramid and shorten their livethimntopic
erosion of 100-200 years.
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