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Abstract. Avala Mountain is accommodated 15 km southward from the city
of Belgrade and extends over the area of about 10 km? Avala Mountain is a
cultural and historical heritage of Belgrade qualified by the Law on Environ-
mental protection. The area is abundant with water springs that have been ex-
ploited by tourist facilities and local population. By analyzing groundwater
sampled from several springs and wells located in a vicinity of the Avala mag-
matic entity here we study the occurrence, concentration and origin of arsenic
pollutant. The investigated springs are accommodated within the faulted com-
plex of Mesozoic carbonate and clastic sediments, serpentinite, further in-
truded by the Tertiary magmatic rocks. By using the concentrations of the
major and minor components(e.g. Cr, Ni, Fe, Mn) in groundwater, the relation-
ship between groundwater and local lithostratigraphic units is outlined.
Chemical analysis of the investigated waters shows that arsenic concentration
in groundwater of the investigated area is in range from 3.0 to 102.0 pg/l1. Ar-
senic concentrations over the maximum allowed value in drinking water (10
ug/1) are detected in more than 55% cases. The occurrence of arsenic in
groundwater can be attributed to local igneous rocks, i.e. to the process of ox-
idation of sulphide minerals with As (major or minor presence) - primarily
arsenopyrite or pyrite. Groundwater with higher concentration of arsenic
(above10 pg/l) is exploited as drinking water used by tourists and by local
population. Along term use of the water with high concentration of arsenic im-
pose a major health risk.

Ancrpakr. [lnanuHa ABasa cMmemTeHa je 15 km jyxHo on Beorpaaa u
NPOCTHpE ce Ha MOBpLIKHU 0/ 0ko 10 km?. Ha ToM npocTopy ce Hasiaze HEKU
0/l KalITUPaHMUX U3BOPa U OYHapa U3 KOjUX BOAY YIOTPe6/baBajy TYPUCTH U
JIOKQJTHO CTAaHOBHHMILUTBO. Y 0BOM pajly aHa/IM3MpaHa je 1ojaBa, KOHIleHTpa-
I[Mja 1 TIOPEKJIO apceHa y MoA3eMHOj BOAH akBUepa BYJIKAHCKOT KOMILJIEKCa
ABaute. tbera 4ynHM Hcnynaau Me3030jCKM 0QHUOTUTCKA KOMJIEKC ZI0/IaTHO
WCIIpeceniaH TeplyjapHUM MarmaTtuTuMa. Kopesanuje msmeby riaBHHUX
KOMIIOHeHaTa (KaTjoHa ¥ aHjoHa), Kao U MUKPOKOMIIOHeHaTa (kao wmTo cy Cr,
Zn, Ni, Fe, Mn u As) yka3asa je Ha Mmoryhy Be3y usmelhy moaseMmHe Boje U
JINTOCTPATUTPadCKUX jeJUHULIA. XeMHjCKOM aHaJU30M yTBpheHo je fa je
omcer KoHIeHTpanuja As o 3.0-102.0 pg/l. MakcumasiHa J0BoJ/beHA KOH-
nenTtpanuja (10 pg/l) nmpemamena je y 55% wucnuTHBaHMUX y30paka.
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[IpucycTBO apceHa y UCIUTHBAHUM Yy30pLHUMa MOXe GUTH MOPEKJIOM M3
JIOKQJIHUX MarMaTCKUX CTEHA, OJHOCHO MOCcJIejMLia OKCH/IALMje MUHepasa y
KOjuMa je As IJiaBHA WJIM CIOpeZiHAa KOMIIOHEHTA (apCEHONMUPHUT U ITUPUT),

K/byuHe peun:
apceH, nod3eMHa 8004q,
aksugep 8y/NKAHCKO2 KOMNJeKca,

Asana. 3/lpaBJbe.

Yyje je MPUCYCTBO JOKA3aHO Yy UCIIUTUBAHOj o6sacTu. [lyroTpajHoM cBaKo-
JIHEBHOM yNOTpPe6GOM M0o/I3eMHE BOJie Y K0joj je JoKa3aHO MPHUCYCTBO AS y
KOHLleHTpauujama usHaz 10 ug/l Moxxe nmpeacTaB/baTH BUCOK PU3HUK IO

Introduction

Arsenic is a chemical halcophile and siderophile
element which occupies 20" place in the abundance
in the Earth’s crust, being 14" in seawater and 12™
in human body. The concentration of As in unpol-
luted fresh waters typically ranges from 1-10 ug/I,
rising to 100-5000 pg/l in areas of sulfide minerali-
zation and mining (MANDAL & Suzuki, 2002). With the
beginning of the 20™ century its concentration be-
comes a very important topic, accounting its toxicity
and carcinogenicity. Namely, a long term exposure
and consummation of waters with the concentra-
tions ranging > 50 pg/1 could be related to skin can-
cer mortality (Guo etal., 2009). For this reason, most
countries have reduced maximum allowed concen-
trations (MAC) in drinking water by decreasing the
recommended value of WHO (1999) from 50 pg/1 to
10 ug/1 (PFEIFER et al., 2002).

In nature arsenic constitutes many of Earth min-
erals occurring either as a dominant or secondary
element. As a chalcophile element, arsenic occurs in
the form of sulphides, arsenides and sulpharsenides
of heavy metals. Arsenic also can occur in the form
of oxides (arsenolite - As,05), prevalent in oxidizing
zones sulfide-arsenide ore. As a siderophile ele-
ment, arsenic appears in the form of arsenopyrite
and sulfides of iron (pyrite, marcasite).

The origin of arsenic in groundwater can be nat-
ural (geological structure, volcanism, erosion) but
also may originate from anthropogenic source (uti-
lization of herbicides, pesticides, fungicides, fossil
fuels, mining, etc., REN et al.,, 2007). Arsenic is redox-
sensitive element and its presence, distribution,
form and mobility in groundwater is the result of a
complex interaction of the several geochemical pa-
rameters. These parameters include pH, Eh values,
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presence and distribution of other elements, or-
ganic matter and microbiological activity in water
and soil (PETRUSEVSKI, 2005).

At moderate or high redox potentials As occurs
as a series of pentavalent (arsenate) oxyanions.
However, under most reducing (acid and mildly al-
kaline) conditions and lower redox potential the
trivalent arsenite species (AsO;*") predominate
(MANDAL & Suzuki, 2002; BARINGER & REILLY, 2012). In
negative ion forms As adsorbs at positive-charged
surface (e.g. amorphous or crystal forms of Fe, Mn
oxides) (LuxtoN et al., 2008; Guo et al., 2009) and
thus can be removed from aquatic systems.

Generally, occurrence of a higher content of As in
groundwater is documented in specific geological
areas/conditions: in the areas of sulfide mineraliza-
tion, geothermal areas, anaerobic aquifers, in arid
and semiarid areas with elevated pH values. In
global scale, high concentration of arsenic in
groundwater considers as the major environmental
issue. In South Asia (India, Bangladesh, China, Viet-
nam, Taiwan), concentration reaches up to 3400
ng/l, whereas South America has documented con-
siderably lower values 300 pg/1 (Chile, Argentina)
(SMEDLEY, 2006).

A cluster of earlier investigations (e.g., BJELIC et
al.,, 2006; Jovani¢ & STaNIC, 2006; DALMACIA et al.,
2009; PETROVIC et al,, 2012) indicate that groundwa-
ter of Serbia have rather a scattered irregular pat-
tern of arsenic concentration. A special attention in
the number of studies is reflecting onto the occur-
rence of arsenic in groundwater of Vojvodina (sedi-
mentary) aquifers of Banat and Bac¢ka administrative
areas. Another source of arsenic in Serbia could be
associated with the areas of considerable geother-
mal potential, such as Lukovska banja spa, JoSanic¢ka
banja spa, Bujanovacka banja spa. These spas are
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characterized by documented moderately high con-
centrations of arsenic (PETROVIC-PANTIC & ZLOKOLICA-
ManDIC, 2012).

The presence of arsenic within the investigated
area was detected earlier, documented in several
water springs of Avala Mountain (springs “Sakinac”,
“Velika ¢esma” and “Vranovac”; Fig. 1). The measu-
red concentrations of arsenic exceed the limit of
maximum allowed concentrations (MAC) of arsenic
in water; according to both, the domestic and foreign
regulations (10 pg/1) (Poznanovi¢ & Popovic, 2009).
In this study, the concentration fluctuations of As
were observed during the period May-September
2008. The results of the observations suggested that
there are almost insignificant variations in the mea-
sured concentrations. Therefore, a possible dilution
due to the mixing of infiltrated atmospheric waters
in the short time has no effect on arsenic concentra-
tions. In order to determine the oxidation state of
arsenic of this groundwater, the samples were ana-
lyzed by stripping voltammetry (PoznaNoviC et al.,
2009). The analysis corroborated that a dominant
form of arsenic is As (V) (90-98% concentration of
the total arsenic). The overall goal of this research
is to provide a continuity of investigations depicting
the distribution of the arsenic concentration in
groundwater of available wells and springs; and to
b) investigate the geological factors for the origin of
the arsenic occurrence in ground water of aquifer of
the Avala Mountain volcanic complex.

Regional geological and
hydrogeological setting

The Avala magmatic and sedimentary system is
a complex geological-geochemical entity with dis-
tinctive uplifted morphostructure (Fig. 1). The Avala
complex represents a mixture of different Mesozoic
and Cenozoic paleoenvironmental conditions char-
acterized by different processes that yield a variety
of rocks with a different geochemical imprint (Iv-
Kovi¢ et al., 1971).

A geological entity of mountain Avala comprises
a complex of Mesozoic volcano-sedimentary system
unconformably overlain by the highly complex of
Miocene and Quaternary sequences (Fig. 1). The
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Mesozoic agglomeration is a product of Late Meso-
zoic-Tertiary magmatic activity associated with the
developing and closure of ancient Vardar Ocean
(NW Neotethys). The investigated area belongs to a,
so-called, “Europe sub-basin” (ToLji¢ et al., 2018). In
the tectonic sense, the investigated segment is actu-
ally accommodated within the East Vardar Zone
(SpaHIC & GAUDENYI, 2019) or the segment of the
“Sava Zone” (Marovi¢ et al., 2007; ScHmiD et al.,
2008). The oldest rock system outcropping is rep-
resented by the ophiolite-bearing system of Jurassic
serpentinites (Tovji¢, 1995; Touji¢ et al.,, 2018) scat-
tered over the eastern and southern section of this
lower-latitude mountain (Fig. 1). The exposed
oceanic lithosphere of the Avala Mt. system is strati-
graphically succeeded by the interchange of deep-
water flysch-like marine conditions of Lower
Cretaceous age. This sequence is succeeded by an-
other, this time dominant flysch-bearing systems of
Upper Cretaceous-Paleogene age (Touji¢ et al,
2018). This pre-Tertiary Neotethyan tectonomag-
matic agglomeration is penetrated by numerous hy-
drothermally altered magmatic intrusions of Late
Eocene-Early Miocene age (CVETKoOVIC et al.,, 2004).
After the termination of magmatic activity and
complete closure of this western segment of
Neotethys ocean, the onset of a new extensional
phase during Early Miocene resulted in continental-
lacustrine system of Lower Miocene (RunpIC et al.,
2019). Early Sarmatian resulted in a sea water in-
flux and new transgressional stage (Upper Mioce-
ne). The former pre-Neogene paleorelief of displaced
Avala Cretaceous magmatic ophiolite-bearing entity
including newly developed local ancient paleo-valleys
were overlaid by a well-developed Neogene sedi-
mentary (marine) veneer. This new sea-water in-
gression and associated depositional system
“sealed” numerous magmatic intrusions exposed
previously to erosion. The Middle Miocene marine
and marine-brackish sediments are well developed
and represented by a sequence of conglomerates,
sandstones and limestone (ToLji¢, 1995; RUNDIC et
al,, 2019). The post-rift subsidence stage (Middle to
Upper Miocene) was likely affected by the uplifting
of the entire Pannonian basin system, closed and in-
verted which is marked by the onset of Quaternary
deposition. Ever since the Quaternary stage, the in-
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. Belgrade

Mt. Avala /§

Suplja stena

) springs
Q, Quaternary sediments

Ms2, Conglomerate, sandstone, clay and sandy clay rver

Ply, Gravel, sand, clay and marls intermittent flow

aq, Tertiary volcanic rocks: dacite, quartzite, latite, lamprophyre normal fault

K,23%, Sandy limestone, limestone, sandstone, marls, alevrolite and clay nappe

ring structure

Pb-Zn ore
Se, Serpentinite and harzburgite H
gore

J,K, Sandstone, clay, marls

Fig. 1. Simplified geological map of studied area (modified after Tovji¢, 1995) with the sampling localities.

vestigated area underwent the exposure to terres- In contrast to a subdued surrounding, the hyp-
trial conditions (land). The post-Miocene geomor- sometry and a cone shape of the mountain Avala
phological processes have shaped the mountain clearly (511 m) protrudes this geomorphological en-
Avala and its immediate surrounding. tity (uplifted morphostructure). Numerous inherited
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brittle (normal) faults are radially distributed across
the investigated cone-shaped magmatic and sedi-
mentary complex (Touji¢, 1995; Fig. 1). As the exten-
sional fault system is penetrated by a dominant set of
sub-vertically emplaced intrusions of quartzlatite
with basaltic and dacitic content (Fig. 1), it is to ex-
pect that a relatively large segment of the investigated
magmatic entity is buried underneath a lower struc-
tural level of the Avala complex.

The average arsenic content in magmatic rocks
in Serbia - andesite, dacite, quartzlatite is estimated
to reach 2.6 ppm (DaNci¢ & DaNGI¢, 2007). However,
during generation of hydrothermal sulfide ore de-
posits, arsenic in water-rock interaction becomes
mobile and appears to be dispersed into the sur-
rounding rocks. As a product of progressive multi-
phase hydrothermal activity this altered areas
contain minerals enriched with arsenic (DANGIC &
Dangi¢, 2007). Commonly, during the formation of
hydrothermal lead and zinc deposits, arsenic con-
centrates and deposits in the form of arsenopyrite,
and other sulphides of arsenic, arsenides of Ni and
Co, sulfarsenides Cu, Ag, Pb. Hydrothermally altered
rocks are indentified across the investigated area,
encircling dominantly the exposed magmatic intru-
sions. The prominent examples of the hydrothermal
activity are observed at the Crveni breg, Precica
(southwestern mountainside of Avala), the areas of
lead-zinc mineralization. Another example is the Su-
plja stena area (Fig. 1), accommodated in the south-
eastern part of Avala-the area of Hg mineralization
(cinnabar). The first example was formed in sand-
stone, marl and limestone of Jurassic and Lower
Cretaceous age, in which are embedded the veins of
quartzlatite, dacite and andesite. The ore deposits
Suplja stena appear in the zones of hydrothermally
altered serpentinite, which are partly silicified and
dolomitizated. The impregnations of cinnabar are
accompanied with iron- sulfide ore minerals and are
associated with the fracture zones trending East-
West (Touji¢, 1995).

In this particular area are recognized numerous
minerals such as: sphalerite (ZnS), pyrite (FeS,),
pyrrhotite (FeS), arsenopyrite (FeAsO,), chalcopy-
rite (CuFeS,), galena (PbS), marcasite (FeS,) as well
as chalcocite(CuS,), covellite (CuS) accompanied by
quartz (Si0,), calcite (CaCO;), boulangerite
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(PbsSb,Sq1), etc. (Towji¢, 1995). The summary of the
investigated minerals at the area of Avala and the
surrounding, implicates that the main mineral of ar-
senic is arsenopyrite. JANEZIC & TANCIC (2003) ana-
lyzed by X-ray diffraction method a sample of
arsenopyrite associated with pyrite (collected from
the vicinity of Crveni Breg mine). The authors con-
firmed that the formation of minerals from this area
occurred under hypothermal conditions.

Hydrogeological setting

As mentioned earlier, the Avala Mountain system
geomorphologically differs from its rather subdued
surrounding. Interestingly, the position of water-
permeable tectonic discontinuities crosscutting
Avala Mt. has differences relative to the both,
regional drainage system (TopcCiderska and Zavoj-
nicka rivers) and the local drainage system (inclu-
des smaller streams).

The position and configuration of the Avala Mt.
allows intensive water exchange processes within
the aquifer of the springs. Avala Mt. system is a
segment of the documented hydrodynamic zone
characterized by intensive water exchange proces-
ses, theoretically reaching a complete exchange of
water in 100 years timeframe. The flow and
drainage of groundwater in the given conditions is
the consequence of gravitational forces. Within the
comparable hydrodynamic conditions, atmospheric
water infiltrates into local aquifers. Higher content
of oxygen and carbon dioxide makes these near-
surface water systems aggressive. These gases boost
the ongoing weathering of carrier-rocks, in
particular, carbonates and silicates (hydrolysis and
dissolution of aluminosilicates and carbonate) and
also oxidation of sulfides.

The aquifers in the narower area of Avala Mt. can
be outlined as a rock assembly characterized by a
lower hydrogeological potential (reduced flow
ability, water exchange and drainage of ground-
water). Also, the entire system of captured springs
marks the local fault zones, which indicates that the
springs are controlled by the local tectonic discon-
tinuities (faults). Consequently, the faults represent
the permeable geological environment.
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With exception of the spring “Toc¢ak” (accommo-
dated within serpentinite) and , Kraljeva ¢esma” other
springs were formed in the Upper Cretaceous sedi-
ments- flysch (consists of layers of sandstone and clay,
and less often of marl and limestone). The serpen-
tinites, within solid rock body are characterized by the
fracture-controlled porosity. Dacites, quartzlatite,
lamprophyres, and latites, do not have a significant
influence on hydrogeological properties of the rocks.
However, these rocks and sulfide ore mineralization
can be a source of arsenic and other heavy metals.

Geological events and geochemical
evolution of arsenic in Avala's aquifers

In addition to key geological processes likewise
the local magmatic activity, and the circulation of hy-
drothermal fluids among extensional fault conduits,
it seems that another very important geological
process have had certainly influenced the sampled
subsurface arsenic concentrations. This process is a
post-Pliocene - present-day erosion. Present-day re-
liefis a function of different factors formed during the
last terrestrial event. However, it is necessary to bear
in mind that there have been the two main erosional
stages differentiated during the geological evolution
of the investigated Avala complex. The initial ero-
sional event was probably induced by a regional up-
lift that was coeval with the magmatic emplacements
accommodated during the process of the Vardar
Ocean closure and postdating extension (e.g., SCHMID
et al,, 2008; SpaHIC & GAUDENYI, 2019). After the new
post-collisional transgressive episodes lasting during
Miocene ceased, weathering and denudation during
the final post-Pliocene erosional stage exposed a
large portion of the agglomerated flysch, volcanic and
cap-rock Neogene sedimentary material.

After the local Pliocene lakes were drained away;,
the sedimentary cover was exposed to the surface,
atmospheric erosion led by the ancient paleo-
streams. A detailed analysis of the Quaternary con-
tinental genetic forms highlights a dominance of
fluvial processes (MARkoviC et al., 1985). After the
exposed sedimentary portion was gradually flushed
away, the deeper levels of a volcanic complex were
further exposed to the atmospheric influence. After
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denudation and extraction from the complex Avala
bedrock system, heavy components tent to perco-
late towards the nearest recharge area or in the di-
rection of a confined aquifer. The latter is, most
likely, comprised of the mixture connecting a frac-
tured magmatic body and surrounding sedimentary
rocks. The essential processes, e.g., paleoprecipita-
tion, secondary porosity and overall rock permeabil-
ity, have directly influenced the spatial mobility of
heavy components, likewise arsenic. In addition, the
timeframe of the second erosional phase (~3.6 Ma to
present day) allowed a sufficient time for additional
unroofing and removal of the overburden and the
development of secondary porosity. Removal of the
overburden thus enabled a dissolution of durable
principal arsenic sources - the arsenopyrite-bearing
volcanic rocks. Extensional faulting and fracturing
underpinned the solubility of arsenic-bearing mag-
matics, further allowing the development of second-
ary porosity. The secondary porosity further
facilitated a gravitational percolation of dissolved
heavy components moving these particles towards
a partially compartmentalized principal Avala’s
aquifers. The essential indicator of the proposed
spatial subsurface hydrodynamic compartmental-
ization is a differential occurrence of the sampled
arsenic concentrations from the springs widespread
across the investigated complex.

Material and methods
Sample collection

Avala Mountain is abundant with springs char-
acterized by a relatively low water production rate,
whereas several springs are additionally not acces-
sible for water sampling or dried out. During the Au-
gust and September of 2011, groundwater from the
springs named: “Velika ¢esma”, “Sakinac”, “Vranovac”,
“Tocak”, “Kraljeva ¢esma”, “Ledenac”, “Kamenac”,
“Zuce” and the wells “Avala” and “Zuce” were sam-
pled. Location of the investigated area and the sam-
pling points are presented in the Fig. 1.

The water samples were collected into acid-
washed polyethylene bottles and sub-samples for

arsenic analysis are immediately acidified with HCI
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(1:1) solution (up to pH<2). The samples for detec-
tion of heavy metals (Cr, Ni, Pb, Zn, Fe, Mn, Cu) are
treated with HNO5 (1:1) (up to pH<2), pH and elec-
tro conductivity (EC) and temperature are addition-
ally analyzed on site.

The water from “Avala” well was re-sampled dur-
ing March 2012, because suspended compounds oc-
curred during the pumping. This time the water
suspension was digested by acid. The applied me-
thod here was used in order to consider the corre-
lation between As and the elements Fe, Mn
(common for a solid residue appeared in subsurface
well waters). Thus, the concentration of the ele-
ments measured before and after the treatment
records variations/discrepancies.

Analytical methods

The total arsenic concentration is detected by
using the AAS-HS technique (AAS-atomic absorp-
tion spectrophotometer-Perkin-Elmer 6500, with
MHS-15 hydride generation system, Perkin Elmer).
The limit of detection of this method is 0.5pg/1. The
samples, standard solutions and blank-samples are
prepared 24 hours before measuring, by treating
the samples with 10% KI solution (10:1) with addi-
tion of HCI conc. (10:3).

The main cations: Ca, Na, K, Mg and Si are ana-
lyzed by AAS-F (atomic absorption spectrophotom-
etry - flammable technique, Perkin Elmer 6500)
after direct aspiration of a no acidified sample into
the system. The anions SO, and NO; are determined
by UV/VIS spectrophotometer (Perkin Elmer,
Lambda 15), whereby anions Cl and HCO; are ana-
lyzed by the volumetric titration.

The concentrations of heavy metal Cr, Ni, Pb, Cu,
Zn, Fe, Mn are detected by ICP/OES spectrometry
(CAP 6500 DUOQ, Thermo Scientific, UK), after direct
aspiration.

Results and discussion
Physicochemical parameters

In order to delineate the origin of arsenic in the
sampled waters, including the influence of local ge-
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ological structure on the subsurface water compo-
sition, the main physicochemical parameters are an-
alyzed (Table 1).

Groundwater around Avala structure exhibit
rather neutral pH values, low- to medium mineraliza-
tion with lower temperatures. A predominant anion
is HCO; with the mean value 392.6 mg/l, whereas
predominant cations are Ca and Mg with the mean
values of 93.0 and 42.1 mg/], respectively. Addition-
ally, the mean value of one of the dominant ion - Cl is
59.7 mg/], and in samples “Sakinac” and “Kamenac”
is detected the highest value of As (Table 1).

Piper diagram (Fig. 2) is represented as a projec-
tion of cation and anion ternary diagrams into
rhombic space.

According to dominant ions the investigated
groundwater can be classified into the four types:

e HCO;-Ca-Mg type: water from springs Velika
¢esma, Vranovac, Zuce and well Avala.

e HCO5-Cl-Ca-Mg type: water from springs Saki-
nac, Kamenac, Kraljeva ¢esma and Ledenac.

e Water of Tocak spring belongs to the HCO;-Mg-
Ca type.

e Water from Zuce well can be classified as the
HCO5;-Mg type.

The chemical composition of the studied waters
seems to be a function of the geological setting i.e.
geological (paleo) environment. Namely, the inves-
tigated springs are mainly accommodated in the
fault zones that are crosscutting the Cretaceous sed-
iments and serpentinite (Fig. 1) The spring “Velika
Cesma” in the village Beli Potok originates from the
contact of limestones, sandstones and marls (flysch
sediments) of the Upper-Cretaceous age and sand,
sandstone, gravel and marly clay belonging the Mio-
Pliocene age. The springs “Vranovac”, “Sakinac” and
“Ledenac” are formed in limestones and marls of
Upper-Cretaceous, which are tectonically damaged
due to the magmatic intrusion of the eruptive veins,
quartzlatites and latites; the spring “Kraljeva ¢esma”
appears from the fault zones in serpentinite, while
the spring “Tocak” is embedded in fractured serpen-
tinite overlaid by the Neogene conglomerates,
gravel, sand and sandy clay (Popovi¢, 2007). The well
“Zuce” located in the village of Zuce (35 m deep) is
drilled through serpentinites, whereas the spring
“Zuce” itself, similarly likewise the spring “Ka-
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Table 1. Physicochemical parameters of the groundwater samples.

Parameters X:SIKE; Sakinac Vranovac Toc¢ak Kamenac I?:Slfl \;a Ledenac s?xficrfg %;;T A“;’lef
1 2 3 4 5 6 7 8 9 10
pH 7.2 7.3 7.5 7.3 7.1 6.9 7.1 7.2 7.3 6.7
T (°C) 12.8 12.1 15.0 16.4 18.1 17.5 11.0 14.1 14.2 16.0
EC (uS/cm) 930 780 460 960 1038 1115 400 560 708 620
TDS (mg/1) 843 650 451 908 740 814 268 544 708 742
dry residue (mg/l)  622.0 522.0 308.0 642.0 570.9 567.2 193.0 369.4 4778  461.6
hardness (°dH) 29.4 94.4 14.4 30.7 27.3 30.5 7.8 17.7 25.1 21.7
Ca (mg/1) 149 134 72.8 56.4 156 114.4 315 91.1 32.4 93.0
Mg (mf/1) 36.5 20.1 17.9 97.9 23.9 62.2 14.4 21.4 88.2 37.3
Na (mg/1) 16.1 9.41 13.5 20.0 12.6 17.2 12.5 15.5 18.9 26.0
K (mg/1) 0.97 1.00 177 0.45 2.80 2.40 5.50 2.80 190 250
HCOs (mg/1) 448 305 280 541 337 493 151 350 461 560
Cl (mg/1) 43.0 106 5.60 66.3 165 65.8 319 24.8 50.6 7.10
S04 (mg/1) 69.3 47.8 31.7 13.0 19.8 22.5 19.9 091 2.01 15.2
NOs (mg/1) 80.1 25.1 27.4 113 22.6 6.20 1.74 379 53.2 0.42
NH4 (mg/1) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 <0.01 0.13 <0.01
Fe (ng/1) 0.006 <0.005 0.005 <0.005 <0.005 0.005 0.146 0.010 0.006 <0.005
Cr (mg/1) <0.003 <0.003 0.003 0.040 0.004 <0.003 0.005 0.006 0.060 <0.003
Mn (mg/1) 0.013 <0.005 <0.005 <0.005 <0.005 0.008 0.120 0.007 0.005 <0.005
Zn (mg/1) 0.007 0.009 0.006  <0.005 0.006 0.007 <0.005  0.008 0.017 <0.005
Ni (mg/1) <0.005 <0.005 <0.005 <0.005 <0.005 0.009 0.007  <0.005 0.005 <0.005
Si (mg/1) 14.3 13.8 12.8 14.2 26.4 30.2 9.40 20.2 42.8 7.90
As (ug/L) 16.4 34.7 102 <0.5 13.3 43.4 477 36.1 6.2 5.0

menac” appears at the Upper-Cretaceous sediments.
Water from the exploration well “Avala”, located on
the western side of Avala Mt. is collected from the
fractured flysch sediments at the depth of 90 m
(Markovic, 2010).

According to the published data and the results of
analysis of studied samples it can be concluded that
in groundwater collected from the springs accommo-
dated within the Upper Cretaceous sediments the
dominant ions are Ca and HCO;. A higher concentra-
tion of Mg and the detected presence of Cr in some
water samples (Table 1) can indicate the influence of
serpentinite. Ni is detected in “Kraljeva cesma” spring
and “Zuce” well, similarly marking the influence of
serpentinites. The other heavy metals such are Pb
and Cu were not detected in any of the samples.

In general, chlorides can occur in association
with sea water, evaporite sediments and often are
documented in a vicinity of active volcanoes (MuL-
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LANEY et al., 2009). During the Lower Miocene, the
most part of the investigated area was overlaid by
lacustrine / sea waters, and afterwards (Middle-
Late Miocene) there was a deposition of clastic and
carbonate rocks (Tovji¢, 1995; RunpiC et al,, 2019).
During the very process of sedimentation, sea water
can be trapped in consolidated and poorly cemented
sediments, followed by the post-depositional circu-
lation of fluids. Circulation can cause their dissolu-
tion, removal and transport to the eventually
overlaying geological entities. Considering the fact
that specific hydrogeological conditions are impor-
tant for concentration level of the components, in
particular principal ions, it is possible that Cl ions
could be removed very rapidly with fast groundwa-
ter flow and accumulated in stagnant conditions.
Nitrates appear in the springs of the north-east
side of Avala Mt. Considering the fact that there is a
dense population and that there is an unprotected
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10. Avala well

Consequently, reductive dis-
solution of Fe oxy-hydroxide
leads to elevated concentra-
tions of arsenic, because it can
depend on releasing of ab-
sorbed arsenic forms (VAN-
DERZALM et al, 2010). In
addition, redox condition in
the environment (groundwa-
ter) would reduce As (V) to As
(II) in the case of its presence,
inducing a possible desorp-
tion. The reason can be attrib-
uted to a lower affinity of As
(II1) for adsorption at oxy-hy-
droxides surface (GARCIA-SAN-
CHES et al, 2005). Moreover,
there are the other differences
between the “Ledenac” spring
and the rest of water samples:

CATIONS

Fig. 2. Piper diagram of the studied groundwater samples.

household septic system, the presence of NO5 ions
are likely to be related with local anthropogenic ac-
tivities.

In the “Ledenac” spring, the concentrations of Fe
and Mn have highest levels, along with the presence
of NH, ions. However, the concentration of the NO;
has lower values than in the other samples. Such
composition can indicate reductive conditions con-
sidering the fact that Mn is commonly present in
groundwater, in particular in anaerobic or low oxi-
dation conditions (DALMACIA & AGBABA, 2006). Such
conditions may also lead to the reduction of Fe (III)
to Fe (II). In particular, the exposure to the atmo-
sphere influences (oxidative environment) dissolu-
tion of ferrous iron that commonly oxidizes and
relatively rapidly precipitates in the form of ferric
oxy-hydroxides (REIMANN & BIRKE, 2010). The reduc-
tion of Fe and Mn in the lower oxidation states leads
to their greater solubility and an increased concen-
tration.

Geol. an. Balk. poluos., 2020, 81 (2), 33-48

minimum value of Ca, Mg and
TDS. The main reason can be
the fact that the spring is ac-
commodated within a central
part of the Avala volcanic
dome, whereas other springs
are distributed along its mar-
ginal area (Fig. 1). This area could be characterized by
more intensive dissolution of bedrocks and intensive
drainage and thus accumulation in nearest aquifer.

ANIONS

Relationship between chemical
parameters and bedrock

The Pearson’s coefficients (Table 2) introduce
possible correlations between the parameters, and
suggest similar or different behavior or the origin of
elements in groundwater. Evident strong positive re-
lations (significantly correlations 0.6-1.0, p= 0.05)
appear between Mg-HCO;, Na-HCO;, Mg-Cr, K-Fe,
K-Mn, TDS-HCO3, and Zn-Si.

The highest correlation coefficient (0.996) is ob-
served between Fe and Mn indicating the similar
conditions and the mechanism of migration in the
sampled groundwater. In addition, the concentra-
tion of K could be related to the adsorption-desorp-
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Table 2. Pearson’s correlation of the parameters.

As Ca Mg Na K Fe HCOs Cl SO. NOs TDS pH Cr Mn Zn Si
As 1.00
Ca -0.11 1.00
Mg -0.53 -0.36 1.00
Na -0.51 -0.26 0.55 1.00
K 0.22 -033 -047 -0.16 1.00
Fe 0.22 -049 -032 -0.25 0.85 1.00
HCOs -0.62 011 0.72 082 -059 -0.67 1.00
CL -0.29 056 0.07 -042 -0.12 -0.21 -0.02 1.00
SO0, 0.17 060 -033 -037 -036 -0.08 -0.12 0.10 1.00
NOs -0.38 -0.07 061 0.15 -0.68 -0.34 040 -0.01 0.14 1.00
TDS -0.66 0.44 0.65 047 -073 -037 087 038 015 0.54 1.00
pH 0.42 -0.20 0.03 -0.55 -0.36 -0.08 -040 -0.04 0.17 051 -0.22 1.00
Cr -045 -062 081 031 -026 -0.11 033 -0.04 -050 0.56 025 035 1.00
Mn 0.18 -045 -0.31 -0.27 081 099 -063 -0.21 -0.03 -0.31 -0.69 -0.10 -0.12 1.00
Zn 0.03 0.00 -0.16 -0.27 -0.18 -0.27 -0.06 0.17 -0.54 0.04 0.02 039 041 -0.25 1.00
SI -0.21 -0.09 051 0.04 -0.07 -0.27 023 036 -040 0.07 027 009 058 -027 078 1.00

tion process with Fe-Mn oxy-hydroxide surface. The
weak negative correlation between Mg and Ca sug-
gests that these elements generally do not have the
same origin, despite these coexist and occur to-
gether in carbonates. The strong correlation be-
tween Mg-HCO3 and Na-HCOj; indicates that erosion
of carbonate is not the exclusive source of the docu-
mented HCO5 ions (MRAZovAC & VojINOVIC-MILORADOV,
2011). In general, occurrence of HCO3, Ca, Mg, K, Na
in waters could be the result of hydrolysis of alumi-
nosilicates, in particular of feldspar (orthoclase, pla-
gioclase, albite, anortite; DiMITRIJEVIC, 1988; KoUurAS
et al,, 2007). The presence of the aforementioned
minerals is documented in the Tertiary volcanic
rocks of Avala. Therefore, Na, Ca and Mg in the sam-
ples partially were derived due to mineral decom-
position. On the other hand, the correlation between
Cr-Mg, Mg-Si and Mg-Na suggests possible weather-
ing of other minerals such as serpentinites (ultra-
mafic rocks).

The negative correlations coefficient, registered
between As-HCO; (r=-0.62) and As-TDS (r=-0.66)
indicates that HCO3 and arsenic do not have the
same origin, whereas the highest presence is de-
tected in the water samples with lower mineraliza-
tion (mild weathering driven dissolution of
carbonates or alumosilicates). The probable origin
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could be associated with deeper thermal waters ac-
tively flowing along the contact between eruptive
veins and Cretaceous sediments. Furthermore, the
negative correlation between TDS-As can be related
to the water exchange processes. Namely, in the
springs accommodated within the aquifer of the
hypsometrically elevated area, the lower TDS
contents and higher concentrations of arsenic are
observed. Moreover, such negative correlation
implies that more intensive water exchange
processes exist as the higher concentrations of As
are. In support of the previous, there is a strong
inverse correlation between As and TDS.

The lack of good correlation between Fe-As
(Table 2) can be explained by a different behavior
of the final products of decay, arsenopyrite and
pyrite (Equation 2.). Whereas the iron is deposited
in the form of insoluble limonite or amorphous
FeOOH, the arsenic which is in the form of arsenate
becomes mobile. A high correlation factor between
Si-Zn (0.7857) corroborates a hypothesis of adsorp-
tion barriers. Elevated concentrations of dissolved
Si, followed by decomposition of silicate (in form of
H,Si0, at pH=7) result in an increase of the Zn con-
centration (due to adsorption of cations Zn?* to neg-
ative particles of clay, colloidal particles xSiO,*yH,0
or other negative charged Si-particles).
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Sulfates are not well-correlated with the elements,
with exception of Ca-SO, (0,599). This correlation sug-
gests that SO, could have more than one source.
Hence, the concentration of SO, ions in water is not
proportional to the quantity of sulphide which can be
regarded as one of the potential sources (in the case
of the presence of sulfide ore - deposits rocks) neither
with As. The same conclusion is underlined by GARcia-
SANCHES et al. (2005). Furthermore, the concentrations
are influenced by (a) surrounding rocks, (b) the extent
of the oxidation zone and a (c) groundwater regime.
Groundwater fluctuations and changes of an oxida-
tion-reductive layer cause the concentration fluctua-
tion of the sulphure/sulphates.

Distribution of arsenic and
definition of its origin

The range of concentration of inorganic arsenic in
Avala’s groundwater is 3.0-102.3 pg/l. The arsenic
concentrations are discussed with respect to the do-
mestic and internal regulations: Regulation on Qual-
ity and Other Requirements for Natural Mineral
Water, Spring Water and Bottled Drinking Water
(Sluzbeni list SCG, 2005) as well as regulation of
WHO and EU Directive 1998/83/EC Drinking Water.
The MAC of arsenic in drinking water defined by the
standards is 10 pg/l.

A comparison of the results with the reference
value for As, yields that the studied waters (excluding
the waters from “To¢ak” spring and the wells “Avala”
and “Zuce”) are enriched by this element.

In order to understand the highest arsenic content
from the “Vranovac” spring, the surrounding geology
is analyzed more in detail. According to the geological
map of Torju¢ (1995), the vicinity of Vranovac
stream/creak can be characterized by hydrothermally
altered quartzlatite veins. A similar observation was
confirmed on the sampling site during the field trip. A
significant presence of hydrothermally altered rocks
and the occurrence of arsenopyrite could explain a
highest concentration of arsenic in the sampled water
of “Vranovac” spring.

The result of chemical weathering of arsenopyrite
is explanation of the presence of migrative form and
oxidation state As V (H,AsO,/HAsO,, at pH=7). This
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process could be explained by the following mecha-
nism:
2FeAsS+70,+6H,0—2FeAsO,xH,0+2H,S0,, (1)
by oxidation arsenopyrite is transformed to the
scorodite.

This mineral is stable in dry and oxidative condi-
tions. However, in contact with fluids (water) sco-
rodite can be transformed into a mobile arsenic form
and insoluble limonite as deposit:
FeAsO,xH,0+2H;0—-Fe(OH)3+H3As0, (2)

In the area of Avala Mt,, scorodite has not been de-
tected, whereas limonite is documented.

Similarly, arsenic can be transformed to the mo-
bile form from pyrite (in the structure of pyrite, As
changes the sulfur atom), which may be initiated by
spontaneous oxidation. It occurs especially because
pyrite undergoes to oxidation, (due to iron’s affinity
to an oxygen):
2FeS,+70,+5/2H,0—Fe OOH+2S50,2+2H", (3)

The final product is limonite or amorphous Fe
oxy-hydroxide. Sulfur is oxidized to sulfate, which
then has a capability to migrate or remains in the ox-
idation zone (DIMITRIJEVIC et al., 2002).

On the other hand, the lowest concentrations, as
well as the concentrations below a detection limit are
in the waters formed in the zones of fractured ser-
pentinite (oldest ophiolite-bearing complex of the
Avala Mt.). The similar conclusion can be derived
from the results of analyses of the water sample col-
lected from the investigated well drilled in 2008
(Zavojnicka river, Zuce). The concentration of arsenic
was 3.0 mg/1 (Tripkovi¢, 2008).

The results of detected concentrations of arsenic
in the aquatic environment are not the results of the
weathering processes only. Their presence and mo-
bility of arsenic forms is a function of chemical envi-
ronment within the aquifer. Following the arsenic
release through the process of pyrite oxidation, a
newly formed amorphous Fe OOH plays an impor-
tant role in controlling the mobility of arsenic in the
storage zone. Fe OOH may accommodate a subse-
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quent removal of arsenic, prior its recovery (predo-
minantly attributed to sorption under favorable con-
ditions; VANDERZALM et al., 2011). This conclusion
corroborates the experiment presented in the Table 3.

Table 3. The results of analysis of the water sample from well “Avala”- before and after acid

1) Spanning the Late Cretaceous - present-day geo-
logical timeframe, the investigated area repre-
sents the system with favorable conditions for
arsenic subsurface development. Initially, there is

a documented presence of

hydrothermally altered mag-

digestion. matic rocks including the oc-
currence of mineralizations,

As (ug/1) feime/D Mn (mig/l) followed by a protracted

(beffrse the (afti\rs the (befcl::e the (aftgf the (beflc\)/[rz the (aftl\:: the weathering and atmospheric
treatment)  treatment) treatment) treatment) treatment) treatment) impact on the particular ar-
05 6.2 <0.005 15.7 <0.005 0.29 senic-bearing rocks. Secondly,

Detection of the concentration of As, Mn, Fe be-
fore and after acid digestion of the water suspension
sample “Avala” well (water with the solid residue the
results) indicates an increase in the total concentra-
tions of arsenic and Fe (sum of the concentrations in
water and solid residue). The result suggests that ar-
senic is deposited along with Fe and Mn. More pre-
cisely, it is adsorbed at the surface of ferry
oxy-hydroxide particles. Namely, arsenate as a stable
form in aerobic conditions can become less mobile.
Thus, the As could be removed by the several pro-
cesses, precipitation or adsorption onto hydrous iron
oxides. The fact that hydrous iron oxide has a positive
surface charge in most geological environments and
preferentially adsorbs anions, whereas manganese
oxide is negatively charged and adsorbs cations, pro-
vides the suitable explanation of a such distribution
(SuBRAMANIAN at al., 2002). Moreover, the example of
this equilibrium could be water of “Ledenac” spring
(explained earlier in the text).

In contrast to the “Avala” well, the concentration
of arsenic in other springs and other well are ele-
vated because arsenic from ferric oxy-hydroxides
particle surface desorbs to the investigated ground-
water environment.

Conclusion

The study documents the presence of arsenic, its
distribution, and the origin in groundwater of the
Avala volcanic complex. This research leads to the
following conclusions:
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being crosscut by rock dis-

continuities and deformati-
ons, the fractured Avala volcanic complex
facilitated a protracted interaction of water per-
colating throughout these subsurface discontinu-
ities;

2) The occurrence of arsenic in groundwater of the
investigated area is of natural origin. Its presence
within the detected concentration range could be
a result of the two controlling processes: a)
expected chemical weathering of minerals such
as arsenopirite-pyrite and b) mechanisms such as
sorption/desorption commonly associated with
the surface or occlusions by amorphous Fe OOH
(or limonite);

3) The range of the concentration of inorganic ar-
senic in Avala’s groundwater is 3.0-102.3 pg/l.
The spring with maximum detected concentra-
tion of arsenic is “Vranovac”, emplaced within the
geological domain characterized by hydrother-
mally altered quartzlatite veins. The lowest con-
centrations, along with the concentrations below
the detection limit are documented within the
waters formed in the zone of fractured serpenti-
nite (in the Avala’s oldest rock complex). Addi-
tionally, the highest concentrations of As were
documented in the area of the intense water ex-
change.

The concentrations of arsenic measured in seven
samples exhibit the levels which are above the max-
imum-allowed values for drinking water (according
to the domestic and foreign regulations). A continu-
ous ongoing exploitation of water from these supply
sources may impose a risk to human health. Never-
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theless, the health risk is rather low considering the
fact that the spring waters have just occasionally
been used by tourists and local population.
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Pe3ume

IlojaBa u eBoJIyLiMja apceHa y
U3BOPHUIITHMA BYJIKAHCKOT KOMILJIEKCA
ABasia (mepudepuja beorpaga, Cpouja)

ApceH je XeMHjCKU eJIEMEHT KOjH, Y KHUBOTHO]
CpeAvHH, Kao 3arahuBay MoXke GUTH MPUCYTaH U3
IPUPOJHUX U AHTPONOreHUX HU3Bopa. Mako mo
3aCTYIJbeHOCTH Y 3eM/bUHOj KOPH 3ay3uMa JBajie-
CeTO MecCTO, 360T CBOje TOKCUYHOCTH NpoyyaBakbe
NPUCYCTBA U CaipKaja apceHa, mocebHo y nujahoj
BO/IY CBe BHIIle I06Hja HA 3Ha4ajy. ToMe JonprHOCH
nojaTak Ja JAyroTpajHO yHOLIeHe apceHa Yy
kosinuuHU o7, 30-60 pg usasrBa KaHLep KOXKe.

[IpupoiHO OpEKJI0 apceHa y BoJaMa Be3aHo je
3a crienuduyHe o6acTU-cyadULHE MUHepaid3a-
iMje, reoTepMasiHe, CEMUapUAHe-apy/iHe ca BUCO-
kuM pH, Kao 1 06/1acTH aHaepoOGHUX aKBUdepa.

063upoM Ja Cy y UCIIUTUBAHO]j 06JIaCTH BYJI-
KaHCKO-0pHOJIUTCKOI KOMIlJIeKca ABaJjle peru-
CTpoBaHe MojaBe cyJpUIHUX MHUHepasu3alyja,
[peTxo/iHa UHULIUja/IHa UCTPaXKMBakba yKasaJa Cy
Ha [10jaBy apceHa y BOAH MOjeJMHUX KalTUPaHUX
M3BOpa, HajBUILe NoceheHUX o/ CTpaHe TypucTa. Y
IBbHUMa Cy perucTpoBaHe IojaBe cajpiKaja apceHa
WM3HaJ MakcuMasiHe fo3BosbeHe (10 ug/l). Ctora,
OBO UCTpaKHBatbe NpeJcTaBba: 1.) noTBphrBame
JlaTUX BPeJHOCTH cajpkaja AS y UCIUMTHBAHUM
BOJlaMa; 2.) yTBphuBame 1ojaBe U KOHLeHTpaLuje
y BOJU JJPYTUX JJOCTYIHUX U3BOpaA WK 6yHapa; 3.)
[IOpeKJIa apceHa y oJ3eMHOj BoAu akBUdepa ByJI-
KaHCKOI' KoMiyiekca ABase. Takohe, y oBoM pany
JNedbUHUCaAH je KaTjOHCKO-aHjOHCKU cacTaB BojJia U
KopeJsauuja n3Mehy rsiaBHUX KOMIIOHeHATa/MH-
KpoKoMIIoHeHaTa. CX0/JHO TOME, I0BE/IEH je y BE3Y
cacTaB MOJA3eMHe BOJE U JIUTOCTPATUrpadCKUX
jeAMHHLIA KOje Cy NPUCYyTHe Ha MOBPLIKHH.

WcnuTuBaHM y30pLy N0/j3eMHUX BOJia Cl1ajiajy ¥
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rpyny Majo O Cpefilbe MUHepaJUu30BaHUX, NpPHU
YyeMy Cy HajAOMUHAHTHU)U KaTjoHu Ca u Mg u aH-
joun HCO5 u Cl.. XeMujcku cacTaB ofpakaBa reo-
JIOIIKe KapaKTepPUCTHUKe UCIIUTUBAHe 06J1acTH, jep
Cy U3BOPU CMELITEHH Y OKBHUPY UCNYLAJINX 30HA Tj.
JIOKaJIHO pa3BHUjeHUX IYKOTHHA KoOje IpeceLnajy
ABasickd 0pUOJUTCKU KOMILJIEKC (CEpIIEHTUHUTH).
[Ipucyctso Ni, Cr n Mg, kao ¥ 3Ha4ajHa KopeJaluja
nsMehy Cr u Mg ykasyje Ha BepoBaTaH YTHLAj
CepneHTUHUTA Ha cactaB Bofe. C Apyre cTpaHe,
O/ICYCTBO 3HayajHe NMO3WTHBHe Kopenanuje As ca
HaBeJleHUM KOMIIOHEHTaMa, MOXKe CyreprucaTH Ha
Jpyraduje nopekJo oBor eseMeHTa. OHO je HajBe-
poBaTHUje Be3aHO 3a Ay0/be LUPKYyJ/HCakbe Tep-
Ma/IHUX BOZIa Ha KOHTAaKTy MarMaTCKUX MHTpy3Hja
Koje npo6ujajy caM 0pUOJUTCKH KOMILJIEKC YKJbY-
yyjyiu U OKOJIHM CeJUMEHTHHM IaKeT KpeJHe
CTapOCTH.

PesynTaTy XeMUjCKUX aHAJ/IU3A Cy [IOKa3a/au Aa
oIcer KOHIleHTpanuvja As y UCOUTUBAHUM y30p-
nuMa usHocu of, 3.0-102.3 pg/l. Hajuuke KoHLeH-
Tpaluje UJIH OACYCTBO AS KapaKTepUCTHUYHO je 3a
BoJle popMHUpaHe y HCIyLAJUM CeplleHTUHUTUMA
KOje MpuIajajy HajcTapujeM 0oPpHUOJTUTCKOM KOM-
IJleKCy uctoyHe Bapgapcke 30He. MakcumaJsiHa
KOHIleHTpallyja perucTpoBaHa je y U3BOpPY CMe-
LITEHOM Yy 06J1aCTH XU POTEPMAJIHO U3MEHEHUX
CTE€Ha y3 NPUCYCTBO apCeHONUPUTA, OJHOCHO
nupuTa. [logaTHO, pe3yJITaTh XeMHUjCKe aHan3e
CyCIeH/I0BaHOT yY30pKa Boie OyHapa ,ABasa’, mpe u
[ocJie KMCEeJMHCKe JUrecTHUje Ha CafpiKaj eJsie-
MeHaTa As, Fe u Mn yka3asnu cy Ha Moryh nporec
aJicopniyje-KonpequnuTanyje As ycaes TaJloXemha
Fe- u Mn- okcuxuzpokcuja.

CymupaHo, nojaBa apceHa y oJj3eMHUM BoiaMa
ABaJie je NpUPOAHOT MOpEKJA jep Cy MOCTOjaau
reoJIOUIKY NpeJyCcJ0BHY 3a HberoBo NpucycTBo. OHU
Cy Be3aHHU 3a XUIpOoTepMaJiHe U3MeHe MarMaTCKUX
CTeHa W nojaBe cysidpuHe MUHEpPAIU3allyje mpa-
heHe xeMUjckoM asTepanujoM MuHepasa. /lojjlaTHo,
TOMe JIONIPUHOCE eKCTeH3UOoHe JlepopMalLije Kao U
HCIYLIAJIOCT CTeHa MarMaTCKOTr KOMIlJIeKca ABase
Koja oMmoryhaBa LUpKYy/JaLUjy MOJ3eMHUX BOJA.
Oncer KoOHIeHTpalyja AeTeKTOBAaHUX Y U3BOpUMa
¥ 6yHaprMa IocJieIM1Ia je paBHOTEeXe U3Mehy npo-
[leca XeMHjCKe a/ITepaliyje MUHepaJia TUIla apCeHo-
NUpHUTA UM NHUPUTA, Kao M Ipoleca afcopniuje
Jecoplyje-Konpenunuranuje apceHa ca Fe- okcu-
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XUJpOKcUAUMa (Y KPUCTAJHOM - JIMMOHHUT HWJIH
aMop}pHOM 06JIUKY).

CBakoZJHEBHOM J1yrOTPajHOM yNoTpeboM MoJ-
3eMHe BO/le ca M3BOpa y KO0joj je J0Ka3aHO MpU-
cycTBo As y KoHLeHTpanujama usHajg 10 pg/l
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MOXKe MpeJCTaB/baTH BUCOK PHU3HK IO JbYACKO
3/IpaBJbe.
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