T'EOIOKN AHANU BAJIKAHCKOTA TTOJTYOCTPBA 76 73-83 BEeorrafn, nenem6ap 2015
ANNALES GEOLOGIQUES DE LA PENINSULE BALKANIQUE BELGRADE, December 2015

DOI: 10.2298/GABP1576073M

Clogging of water supply wells in alluvial aquifers
by mineral incrustations, central Serbia

BRANKICA MAJKIC-DURSUN', PREDRAG VULIC* & MILAN DIMKIC?

Abstract. The formation of incrustations on public water supply well screens reduces their performance con-
siderably. The incrustations increase hydraulic losses, reduce the capacity of the well and screen, affect the qual-
ity of the pumped water and increase maintenance costs. In alluvial environments, the most common deposits
are iron and manganese hydroxides. However, the rates of formation, compositions and levels of crystallization
vary, depending on the geochemical characteristics of the alluvial environment, the microbiological characteris-
tics of the groundwater and the abstraction method. Samples of 15 incrustations were collected from wells that
tap shallow alluvial aquifers and were found to be dominated by iron. XRD analyses detected low-crystalline
ferrihydrite and manganese hydroxide in the samples collected from the water supply source at Trnovce (Velika
Morava alluvial). The incrustations from the Belgrade Groundwater Source revealed the presence of ferrihydrite
and a substantial amount of goethite a-FeOOH. Apart from goethite, greigite (Fe;S,) was detected in three sam-
ples, while one sample additionally contained bernalite Fe(OH); and monoclinic sulfur Sg. Among carbonates,
only siderite was detected. Iron oxidizing bacteria generally catalyze deposition processes in wells, while sulfate
reducing bacteria (SRB) play a role in the biogenic formation of greigite. Determining the nature of the deposit-
ed material allows better selection of rehabilitation chemicals and procedure.

Key words: alluvial aquifers, water supply wells, mineral incrustations, bacteria, central Serbia.

AncrpakTt. @opMupame HHKpycTallija Ha GUITEPCKAM KOHCTpyKIHjaMa OyHapa cMamyje HHXOBE Iep-
tdopmance. CtBopeHH Tano3u noBehaBajy Xuapayandke TyOUTKe, CMambyjy KamanuTeT OyHapa, IoTropIiaBajy
KBaJIUTET EKCIUIOATHCAHE BOJIE U ITOBehaBajy TPOIIKOBE OpIKaBara BOJ03axBara. Y OyHapHMa KOjH 3aXBarajy
moZI3eMHE BOJIC aTyBHjaIHUX M3aHU Hajuemrhe ce jaBbajy Tano3u reoxha u manrana. Mmak, Op3uHa dop-
MHpPaba, CACTaB U CTEIEH KPUCTAMHUTETA Tajora, 3aBUCE OJI TCOXEMHUJCKHUX KapaKTePUCTHKA CPEHHE, MH-
KpPOOMOJIOIIKNX KapaKTePUCTHKa M METOJE 3aXBaTama BoJe. 3a MOTpede NCTpakKMBama aHAIM3UpaHo je 15
y30paka HHKpyCTalnja y3eTHX n3 OyHapa Koju KalTUpajy IUTMTKE alyBUjaliHe U3aHu. PeHreHcka mudpaxmmja
MoKasasna je JJOMHHaHTHO yuenrhe (pepuxuIpuTa U XUAPOKCH/a MaHTaHa HICKOT CTeleHa KPUCTAINHUTETA y
y30pIiMa Tajiora ca u3opuinra Tpaopue (anysujoH Benrnke Mopage). HkpycTanuje u3 OyHapa ca XOpHU30H-
TaJIHUM JIPEHOBHMMa beorpackor U3BOpHINTA ITOJ3EMHUX BOJIa OCHM (pEepUXHIPUTA caapike 3HAYajHE KOJIH-
yuHe retuta 0-FeOOH. Y Tpu y3opka ocum rerura, gokas3aHo je npucyctBo rpejruta (Fe;S,), ok je jenan
y30pak cazapikao mopen opux muHepana 6epHanut (Fe(OH);) n MmoHOKITHHIYHE cyMIiop Sg. Ox kKapOOHATHUX
MHUHepaJa JeTeKToBaH je cuneput. [ Boxhe okcuanmryhe 6akrepuje kaTaimzyjy npouece GopMupama Tajaora
y OyHapuMa, JOK cyidaro-penykyjyhe Oakrepuje (CPB) mmajy ynory y OmoreHoMm ¢opMupamy TpejrHTa.
OnpehuBame MIHEPATOMIKOT cacTaBa OyHAPCKHUX Tajora U HaunHa BUXOBOT ()OpMHpama KIbYJHO je 3a 00U
omalup MocTymaka u cpefcTaBa 3a (YH3NIKO-XEMHU]jCKe pereHepaije OyHapa.

Kibyuyne peun: axyBujanHe u3ganu, OyHapH, HHKpycTaImje, Oakrepuje, earpamHa Cpouja.

Introduction bia, around 70% of the water supply comes from
groundwater of which over 50 % comes from alluvial

Alluvial environments are collectors of groundwater, aquifers (DIMKIC et al. 2007a). However, groundwater
which is often used for the public water supply. In Ser- abstraction is often hindered by well clogging. It is well-
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known that the formation of well incrustations leads to
numerous adverse consequences, such as declining well
capacity over time, reduction in conveyance capacity of
the well screens and growing hydraulic losses.

The aim of this paper is to indicate the different
mineralogical incrustations formed on screen slots of
shallow wells taps different redox environments. The
given results could improve well rehabilitation tech-
niques and help in decision making for using appro-
priate chemicals depending on incrustation type.

Because of the adverse impact on groundwater
abstraction, incrustation has been studied with regard
to the iron oxidation rate and the formation of
oxy(hydroxides) on screen slots by APPLIN & ZHAO
1989; WALTER 1997, HOUBEN 2006, HOUBEN &
TRESKATIS 2007, MaIKIC 2013, while van BEEK 2011
examined declining well capacity as a result of me-
chanical clogging. Incrustations of screen slots are
most often formed when the screens are positioned
such that they tap different vertical geochemical zones
(HOUBEN 2006, MAJKIC-DURSUN et al. 2012).

Most aquifers feature hydrochemical zonality. In
alluvial aquifers, for instance, the amount of dissolved
oxygen tends to decrease along the flow from the river
to the aquifer, but also in the vertical direction, from
the ground surface to the depth of groundwater. Being
a strong oxidant, oxygen is generally used for oxidiz-
ing organic substances, but it is also expended in min-
eral weathering. The deeper and more distant the well
is from the river, the tapped groundwater becomes an
increasingly reducing. In neutral media (pH =7),
redox zones can be identified according to the follow-
ing descending sequence (JURGENS et al. 2009):

As the redox potential decreases, the following re-

0, > NO; — Mn** — Fe™* — SO;” - CO,

duction reactions will take place: transformation of
nitrate into nitrogen, reduction of manganese(IV),
reduction of Fe(Ill), transformation of sulfate into hy-
drogen sulfide and, at a very low redox potential, me-
thanogenesis (MCMAHON & CHAPELLE 2008, JURGENS
et al. 2009).

Iron, as the fourth major constituent of the Earth’s
crust, plays an enormous role in biogeochemical reac-
tions (STRAUB ef al. 2001, RODEN et al. 2004, FORTIN
& LONGLEY 2005, DIMKIC et al. 2011). Under reduc-
tion conditions, iron travels underground as dissolved
Fe(II). In the presence of oxygen, in media exhibiting
close-to-neutral pH value, iron rapidly oxidizes into
insoluble Fe(III), producing iron oxy(hydroxides) and
oxides (DAVIDSON & SEED 1983, STUMM & MORGAN
1996, HouBeN 2003, MAJKIC 2013). The transforma-
tion of soluble Fe(Il) into insoluble Fe-oxy(hydrox-
ide) requires mixing of oxygen-containing water with
reducing water carrying dissolved iron ions (van BEEK
et al. 2010). Mixing of groundwater from different
geochemical zones can also be a result of permanent

drawdown in the near-well region, due to over-exploi-
tation (APPLIN & ZHAO 1989, LARROQUE & FRANCE-
scHI 2011, MaJkiC 2013). Increasing pH levels and
the release of CO, also affect the rate of iron oxidation
(DAVIDSON & SEED 1983).

Oxidation of Mn(Il) requires a higher oxidation
potential (0.6-1.2 V) than the oxidation of Fe(II)
(0.0-0.5 V) (HouBeN & TrEskATIS 2007). The deposi-
tion of manganese is much slower than that of iron;
the process is accelerated at high pH values (pH > 8)
(MARTIN 2005). Sulfates can be reduced in the
groundwater of shallow alluvial sediments, which
CHAPELLE et al. (2009) associate with a possibly high
reaction rate between Fe(Il) and H,S, producing insol-
uble iron sulfides (FeS).

The role of bacteria in the formation of incrusta-
tions can be very important in terms of catalyzing
reaction rates and forming biofilm, as well as from the
perspective of the biogenic origins of minerals (SMITH
& TUOVINEN 1985, CULLIMORE 1999, LovLEY 2000,
EHRILCH 2002, FRANKEL & BAZzYLINSKI 2003, EMER-
SON & WEISs 2004).

In order to study well clogging, two different allu-
vial sources were selected in the present research.
Long-term groundwater chemistry monitoring had
been undertaken at these water supply sources and the
results of microbiological analyses revealed incrusta-
tions on well screens. The Water Supply Source Tr-
novce (Fig 1.) was chosen as an example of extreme-
ly rapid clogging and formation of considerable
incrustations on well screens and well pump discharge
pipes (MAJKIC-DURSUN et al. 2012, MaJki¢ 2013).
The Belgrade Groundwater Source (Fig 1.) was
selected because of its importance for the public water
supply of Serbia’s capital. The wells at this source tap
the alluvium of the Sava River, while those at Trnovce
tap the alluvium of the Velika Morava River.

) A
°
ﬂ?ﬁx. f_f%";ﬂ ‘@3\“

Fig. 1. Sampling sites: water supply sources Trnovce and
Belgrade.
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Study Areas

At the location of Trnovce Water Supply Source the
aquifer is comprised of alluvial sediments, whose
total thickness is about 15 m. The part of the aquifer
from which groundwater is extracted is predominant-
ly represented by sandy gravels (Fig. 2.). The average
thickness of these sandy-gravels in the Trnovce area is

Six tube wells (BT-16, Bn-9G, Bn-8a, Bn-6, Bn-5
and Bnz-1) were selected at Trnovce groundwater
source for well deposits analysis.

General data for each selected tube well from
Trnovée groundwater source are given in Table 1.

The Belgrade Groundwater Source is comprised of
99 radial wells and about 50 tube wells, located along
the Sava’s bank upstream from its confluence with the

N Danube. The Sava River allu-
1 vial was developed through
several sedimentation cycles

95.0 95.0 and sequences: sandy gravel,
Brz-1 Bn-6 Velika Morava River sands of various grain sizes,

90.0 90.0 and silty and clayey sediments.
: The thickness of the Quater-

85.0 85.0 nary strata is up to 25 m.
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Fig. 2. Simplified hydrogeological cross section from tube well Bnz-1 to Bn-6

Semi-permeable sandy and dusty clay layer

* Piezometer

which radial well laterals are
installed (Table 2). Grain sizes
of Lower zone rang from
medium-grain sand to fine-
grain gravel. These sediments
occasionally feature clay, san-
dy clay and silt interbeds and

Table 1. General data for selected tube wells at the Trnovce groundwater source. BT-16 was drilled in 2007. n.a., not available.

y N . . Qav200/ Eh
Tube well | Depth (m) Screen poslmon Pump poslltlon Distance from the river Q2012 aver.
(mas.l) (mas.l) (m) Q(Lis) (mV)
BT-16 15.3 83.12-78.62 77.1 645 -/n.a. 89
Bn-9G 16.0 80.88-76.62 76.0 520 11.2/6.5 229
Bn-8a 15.0 82.50-76.50 78.5 1080 9.2/5.3 n.a
Bn-6 14.5 83.00-77.00 76.5 470 9.9/5.0 175
Bn-5 15.1 82.55-75.15 76.9 350 9.0/3.0 234
Bnz-1 13.6 82.16-76.16 76.2 780 20.0/5.1 162

about 10 m, but the thickness of saturated part of
aquifer is usually smaller (MAJKIC-DURSUN et al.
2012). The sandy-gravel sequence is covered by fine-
grain sediments, generally sandy and dusty clays,
dusty sands and sandy clays whose thickness ranges
from 5 to 6 m (Fig. 2.). Aquifer floor is made from
Neogene clays. The thickness of water saturated part
of the aquifer varies during the year, but generally
groundwater pumping levels are felt into zone of well
screens (MAJKIC-DURSUN et al. 2012, MaJKIC, 2013)
(Table 1).

lenses: while the Upper zone is consisting of fine-grain
sediments, with poorer filtration properties (Fig. 3).

General data for selected radial wells from Belgra-
de groundwater source are given in Table 2.

The radial wells are situated adjacent to the river,
and some well laterals are below the riverbed, most of
the groundwater that flows to the wells is partly from
the wider zone of the alluvial aquifer, and partly from
the deeper aquifer. The main redox characteristic of
this source is a relatively low Eh, generally below 150
mV (Table 2).
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Table 2. General data for selected radial wells from Belgrade groundwater source (*radial well RB-7 set laterals in two posi-

tions).
. Pumping water
Radial Well depth Lateral position | Total lateral number/ level (in 2014) Qinital/ Qwel12014 ER ayer
well (m) (mas.l) Number of active laterals (m a.s.]) (L/s) (mV)
RB-42 25.7 50.5 8/3 55.59 110.0/12.5 85
RB-46 23.6 524 8/5 58.03 116.0/16.8 75
RB-48 32.0 45.5 8/6 53.87 135.0/23.0 80
RB-3m 232 53.0 8/4 59.16 185.0/44.0 100
RB-3 27.6 48.5 11/1 53.21 225.0/5.2 120
RB-4 253 504 8/8 58.05 318.0/105.0 160
RB-7* 24.5 (D 50.5 10/6 55.20 196.0/18.0 100
(1 51.3
RB-69 18.6 58.2 8/3 63.18 100.0/6.3 100
RB-83 24.0 53.0 8/7 56.25 100.0/41.0 110
Ostruznica Bridge PS. Petrac tions were to be tested was the
RB-48 RB47 RB-46 RB45 RB-44 RB-43  RB-42 ex1stence.of dlfferenjc pxidans
80.0 Upper zone . 800 on-reduction categories based
&

e _F__N_H___:fﬁif _ [ J— |t on the outcomes of groundwa-
o0y AT 3 = = 70 ter chemical analyses. Accord-
50.0 : 60.0 ing to JURGENS et al. (2009)

and Mai¢ (2013), ground-
50.0 : TEEESSostErEaAF RS 50.0 water samples are often mix-
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Fig. 3. Simplified hydrogeological cross-section from radial well RB-48 to RB-42
(Belgrade groundwater source - the Sava River right waterside; sector Surcin).

Materials and methods

Samples of 15 incrustations, collected from wells
that tap shallow alluvial aquifers, were analyzed for
the purposes of this research, following special-pur-
pose groundwater chemistry monitoring from 2006 to
2013 at Belgrade and 2008-2013 at Trnov¢e ground-
water source. The results of groundwater chemical
monitoring were used to define the predominant redox
processes, applying the chemical criteria proposed by
MCMAHON & CHAPELLE (2008), JURGENS et al. (2009)
and chemical and microbiological criteria proposed by
MaAJKIC (2013). The redox categories and prevailing
redox processes were identified using the input data
and the threshold values established in the Workbook
for identifying redox processes (JURGENS et al. 2009).
The criterion for the selection of wells whose incrusta-

2000
Sands permeable layer [[77] Semi-permeable interlayer

* Piezometer

well bore can produce chemi-
stry results that suggest multi-
ple redox condition. Commer-
cial Biological Activity Reac-
tion tests (BART) were used
for microbiological analyses
of groundwater. During inves-
tigation four different BART
tests were applied: IRB BART
(for Iron-related bacteria), SRB BART (for Sulfa-
te—reducing bacteria), HAB BART (for Heterotrophic
aerobic bacteria) and SLIME BART (for Slime form-
ing bacteria). Six wells were selected at Trnovce
groundwater source (BT-16, Bn-9G, Bn-8a, Bn-6, Bn-
5 and Bnz-1), where the redox category was deter-
mined to be mixed oxic-anoxic (mixture of oxygen and
iron-reducing groundwater O,-Fe(Ill)). At Belgrade
groundwater source, the selected wells included six
radial wells (RB-7, RB-42, RB-4, RB-83, RB-69, RB-
3), whose redox category was anoxic (iron-reducing
groundwater), and three wells that fell into the mixed
anoxic category (wells RB -3m, RB-46 and RB-48),
defined as iron and sulfate-reducing groundwater
(Fe(IIT)-SOy).

Prior to sampling, the wells were visually inspect-
ed with an underwater (GeoVISION Deluxe) camera.

2500
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Incrustations from the radial well laterals at Belgrade
were sampled by specially-trained divers, who
removed the incrustations from the inside of the later-
als. At Trnovc¢e, incrustations were sampled from tube
wells during the course of mechanical regeneration,
prior to applying chemicals.

The samples were placed in sterile jars and refrig-
erated to prevent oxidation. The samples were dried at
a temperature of 60°C (CORRNEL & SCWERTMANN
1996), or 37°C if the samples contained manganese.
For analytical purposes, the samples were ground into
powder in an agate mortar.

X-ray powder diffraction (XRPD) analyses of the
samples were conducted using a Philips PW-1710
automated diffractometer (equipped with a diffracted
beam curved graphite monochromator and a Xe-filled
proportional counter), including a Cu-tube operated at
40 kV and 30 mA. Data were collected in the 26-
range between 4-80°, with a counting time of 0.25 s
per step and a step size of 0.02° 20. A fixed 2° diver-
gence and 0.2 mm receiving slits were used.

The morphological characteristics were determined
and the semi-quantitative chemical analyses of the in-
crustations performed applying the SEM-EDS tech-
nique (SEM model: JEOL JSM — 6610LV). The same
instrument was used to photograph the bacteria. The
powdered samples were sputter coated with 24-carat
gold. The limit of detection for the semi-quantitative
analyses was 0.1wt. %. The main shortfall of this
method was the high spectrum baseline, which ren-
dered the determination of micro-components in the
sample rather difficult.

Results

The outcomes of the present study of the geochemi-
cal compositions of the incrustations (Table 3) showed
that ferrihydrite, low-crystallinity iron-oxy(hydroxide)
and, to a lesser extent, manganese hydroxides were pre-
cipitated in the mixed oxic-anoxic redox environment
where the redox process was defined as O,-Fe(IIl)
reduction. Ferrihydrite (FesHOg-4H,0) is often referr-
ed to in the literature as “amorphous iron hydroxide”,
although the crystallographic order of this mineral is
low (CORNELL & SCHWERTMANN 2003). Ferrihydrite is
generally the most common mineral phase of recent
iron incrustations (MAJKIC 2013). The proportion of the
ferrihydrite mass in the analyzed incrustations was
between 625.9 to 762.2 g/kg, while that of Mn(OH),
was 2.67 g/kg to 212.8 g/kg. No Mn(OH), deposits
were found in the samples collected from anoxic envi-
ronments (Fig. 4).

Low-crystallinity iron oxy(hydroxides) are consid-
ered the dominant sorbents of dissolved metals in
groundwater, given their large specific surface and sur-
face capacity due to the existence of a large number of
OH~ groups, such that low-crystallinity Fe-oxy(hy-
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Fig. 4. Box-plot of low-crystallinity Mn(OH), proportions
of incrustations in different geochemical environments.

droxides) are chemically more reactive than crystal-
lized Fe-oxides (TADESSE 1997). The results from this
investigation also showed that phosphates adsorb very
well on ferrihydrite, while the proportion by weight
decreased in incrustations where goethite was detected
in conjunction with iron sulfides (Table 3).

A scanning microscope detected two species of
iron-related bacteria: Galionella ferruginea and Lep-
tothrix sp. in samples (Figs. 5 and 6). In all the sam-
ples collected from wells in mixed oxic-anoxic envi-
ronment, the bacteria were coated with a thick layer of
Fe-oxy(hydroxide) (Fig 5). According to RODEN et al.
(2004), Fe(Il) oxidizing bacteria dwell in microaero-
bic environments, with lower oxygen concentrations.
FORTIN & LANGLEY (2005) explained that the meta-
bolic activity of acidophilous and neutrophilous iron
bacteria under oxic conditions causes the oxidation of
Fe(Il) into Fe(Ill) and the creation of biogenic iron
oxides as extracellular deposits on the walls of bacte-
rial cells. This layer has multiple roles (FRENKEL &
BazyLinsk1 2003). HANERT (1992) concluded that the

Fig. 5. Scanning electron image of IRB Gallionella ferrug-
inea with biogenic mineral coatings on their cells in incrus-
tations of a water well in a mixed oxic-anoxic environment.
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Table 3. Selected geochemical parameters of water well incrustations (analyses performed using EDS). *Oxygen determined

by stoichiometry. LLD, low limit detection.

Sample Water supply | SiO, | ALO; |Fe,O5 sz)o CaOO P,0s S As Ba Sn Sb
source  |(wt%)|(wt%) [ (wt%) | (Wt%) | (Wt%) | (wt%)| (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)| (mg/kg)
BT-16 | Trnovce 86| 02 | 693 | 03 | 72 | 123 56.7 733 | 3833 | 166.7 | 120.0
Bn-9G 69| 03 | 728 7.7 | 57 | 44 733 | 3367 | 4833 | 146.7 | 320.0
Bn-8a 56| 03 | 728 54 | 63 | 79 46.7 | 288.0 | 366.7 | 2933 | 220.0
Bn-6 90| 04 | 762 15 | 49 | 72 | <LLD | 573.0 | 306.7 | <LLD 83.3
Bn-5 53| 04 | 626|213 | 43 | 43 | <LLD | 507.0 | 586.7 | 156.7 | <LLD
Bnz-1 65| 04 | 651|136 | 43 | 66 | <LLD | <LLD | 186.7 | 146.7 | 336.7
RB-48 | Belgrade 571 10 | 759] 00 | 13 | 04 [153133 80.0 | <LLD | <LLD 733
RB-46 201 36 |535] 00 | 14 | 0.1 | 9656.7 61.8 | <LLD | <LLD | <LLD
RB-3m 381 06 [ 791 00 | 22 | 27 108533 | <LLD 80.0 | <LLD 733
RB-42 548 | 64 | 181 | 1.8 | 122 | 0.0 9633 | <LLD | 1133 | 3933 | 186.7
RB-7 73| 04 | 774] 02 | 57 | 7.8 533 | 166.7 | <LLD | <LLD | <LLD
RB-4 109 02 [ 793| 0.1 | 3.8 | 43 | <LLD | 2567 | 306.7 | <LLD 86.7
RB-83 41] 03 | 672 02 | 93 | 163 | <LLD | 345.0 | 300.0 | <LLD | 405.0
RB-69 176 | 44 | 519| 04 | 108 | 104 3500 | 104.0 | 375.0 | 110.0 | 235.0
RB-3 435 51 [339| 07 | 87 | 45| <LLD | <LLD | <LLD | <LLD | <LLD

:5|.|m

SEl 20KV
UB-RGF |

Fig. 6. Scanning electron image of IRB Leptothrix sp. with-
out biogenic mineral coatings on their cells in incrustations of
a water well in a anoxic environment (well RB-69, Belgrade).

coats become the cores for future mineralization (i.e.
they continue to accumulate Fe- oxy(hydroxides)).

In anoxic environments, the formation of incrusta-
tions on well screens is slower than in mixed oxic-
anoxic environment. The results of XRD analyses of
incrustations sampled from anoxic iron-rich environ-
ments showed the presence of better crystallized
forms like goethite a-FeOOH. The re-crystallization
of low-crystalline ferrihydrite into thermodynamical-

ly stable goethite depends on several factors: increas-
ing pH (SCHWERTMANN & MURAD 1983), temperature
(Das et al. 2011), the presence of inhibitors like phos-
phates (GALVEZ et al. 1999, WANG et al. 2013), sili-
cates (CORNELL & SCWERTMANN 2003), and organic
substances (CORNELL & SCWERTMANN 1979), as well
as on the concentrations of adsorbed bivalent metals
(MARTINEZ and MCBRIGE 1998). Previously adsorbed
anions and cations might be released during the re-
crystallization process. The occurrence of siderite
Fe(CO); was noted in incrustations sampled from
wells that tap anoxic groundwater at Belgrade ground-
water source. The presence of siderite can also be
associated with the bioreduction of ferrihydrite (MOR-
TIMER & COLEMAN 1997, FREDRICKSON et al. 1998)
(Fig. 7). The simultaneous presence of Fe oxides, car-
bonates and sulfides could be indicative of a change in
redox conditions during incrustation, or of the pres-
ence of different micro-environments in well laterals.

Anoxic S-rich environments are characterized by
parallel Fe(IlI)-SO, reduction processes. Such condi-
tions were noted in three of the studied wells at
Belgrade groundwater source. The proportions of sul-
fur in the incrustations on radial well laterals were
from 9.66 to 15.3 wt %. In the incrustation sample
from well RB-48, XRD diffraction revealed the pres-
ence of greigite Fe;S,, bernalite Fe(OH);, sulfur Sg
and goethite a-FeOOH. The scanning electron micro-
scopy of the incrustation sample is shown in Fig. 8,
while Fig. 9 shows the results of XRD analysis. The
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Fig. 7. XRD pattern of incrustation from well RB-3m (Belgrade groundwater source). Legend: Sd, siderite (Fe(CO););

Q, quartz (Si0,); G, goethite (a-FeOOH); Gr, greigite (Fe;Sy).

occurrence of elemental sulfur in the incrustation
sampled from well RB-48 is attributable to sulfide
oxidation by means of ferrihydrite and goethite,
where elemental sulfur is the end product of oxidation
(POULTON et al. 2004). Elemental sulfur can also be
reduced to sulfide by most sulfate-reducing bacteria
(MADIGAN et al. 2009). Greigite is a tiospinel of iron,
a sulfur analog of magnetite, whose general formula is
Fe3Sy. This metastable mineral can occur biogenical-
ly, through the activity of Desulfovibrio desulfuricans
in the presence of iron salts (RICKARD & LUTHER
2007), or magnetotactic bacteria, including anaerobic
sulfate-reducing bacteria, which can synthesize greig-
ite (MANN at al. 1990, PosTFAl et al. 1998). In
Germany, HOUBEN & TRESKATIS (2007) attributed the
formation of greigite and the occurrence of sulfur in
well incrustations to bacterial activity. The microbio-
logical analyses of the groundwater samples collected
from the above-mentioned well revealed the presence
of sulfate-reducing bacteria (SRB), but their species
could not be identified by the BART method applied.

Bernalite Fe(OH);, detected in a sample collected
from well RB-48 (Fig. 8), occurred as a pseudo-octa-
hedral to pseudo-cubic crystal. FERNANO and SURAN-
GANEE (2009) associate the occurrence of bernalite
with acidic sulfate soils that contain iron sulfides. It is
rare and its presence in well incrustations should be
studied in detail with regard to site-specific micro-
environmental conditions.

Quartz SiO, and clay minerals were found in the
analyzed samples, as products of the natural environ-
ment. Their proportion was higher at Belgrade
(3.8-54.8 wt%) than at Trnov¢e (5.6-9 wt%) as a
result of corrosion processes on old laterals.

Discussion

The decline in water well capacity at the Belgrade
Groundwater Source was initially caused by draw-

x2,000 10um

Fig. 8. Scanning electron image of incrustation from well
RB-48 (Belgrade groundwater source). Image of bernalite
(Fe(OH);) associate with greigite (Fe;S,).

down, then by riverbed colmation and finally by well
ageing and ruination (DIMKIC et al. 2007b). During the
initial period of service (1956 to 1965), the wells relied
on dynamic groundwater reserves to a large extent.
This period was characterized by high groundwater
levels but there were initial signs of decline. In the sec-
ond period (1965 to 1986), colmation of the Sava
riverbed and well aging due to clogging of radial well
laterals resulted in a declining capacity of the source. At
that time, the decreasing well capacity was offset by the
construction of new wells and physical (and to a lesser
extent chemical) regeneration of laterals. Very low
groundwater levels were typical of that period. Static
groundwater reserves were increasingly being used.
The third period (1985 to 2012) was characterized by
very low spending for maintenance and development of
the source. This was a result of the crisis in Serbia in the
1990s and a lack of funding. As the wells aged and
failed, the capacity of the entire source decreased
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Fig. 9. XRD pattern of incrustation from well RB-48 (Belgrade groundwater source). Legend: G, goethite (a-FeOOH); B,
bernalite (Fe(OH)3); Q, quartz (Si0,); S, sulfur (Sg); Gr, greigite (Fe;Sy).

(DIMKIC et al. 2007D). In the Table 2, are shown data for
decreasing capacity of selected radial wells. At
Belgrade, physical regeneration has been the method of
choice for years, using WOMA pumps with directional
nozzles at a pressure of 30—60 bars.

Until the year 1998, the water supply source at
Trnovce operated five wells, whose total capacity was
60 I/s. Today, there are 20 tube wells, whose average
yield is about 5 /s per well (Table 1). Available data
on well capacity variation at Trnovce over the past ten
years indicate that well yield is gradually declining
(Table 1) and that post-regeneration capacity is far
below the initial capacity (MAJKIC-DURSUN et al.
2012). Camera inspection was undertaken before and
after regeneration in 2011 at Trnovce, to monitor the
effectiveness of regeneration (MAJKIC 2013). The
footage and the post-regeneration groundwater level
and discharge monitoring data revealed only short-
term effects (several months).

Mineral and chemical analyses showed that iron
incrustations of different crystallinity levels were do-
minant at both water supply sources. Their total pro-
portion by weight ranged from 18.1 to 79.3%. The
average was 63.7. The state of disequilibrium was
caused by mixing of reduced iron—containing ground-
water with oxygenated groundwater (mixed oxic-an-
oxic groundwater category), while the well was in
service. In such environments, incrustations compri-
sed of ferrihydrite (FesHOg4H,0) and low-crys-
tallinity Mn(OH), are common and were typical of
the source at Trnovce, while anoxic environments
revealed goethite (a-FeOOH), siderite Fe(CO); grei-
gite (Fe;S,), bernalite Fe(OH); and quartz (3i0,).
Iron sulfide minerals were detected in samples col-
lected from anoxic S-rich geochemical settings.

The crystallinity level was higher in samples col-
lected from wells where the time interval between two
regenerations was longer than two years.

Minerals like quartz and clay occurred as products
of the media passively incorporated into the well

deposits. Their amounts were the greatest in the wells
affected by both clogging and corrosion processes
(wells RB-42 and RB-46). Studies have shown that
bacteria play an important role in the formation of
incrustations, especially Gallionella ferruginea and
Leptothrix sp.

The regenerations carried out at TrnovCe were
effective only in the short term. The application of
hydrochloric acid and citric acid as inhibitor were not
sufficient to sanitize the near-well region, resulting in
a reduced life of the well. At Belgrade, mechanical
regeneration of radial wells tended to sanitize only a
part of the lateral, leading to a reduction in the con-
veyance capacity of the lateral and eventual sealing.
High-crystallinity incrustations are rather difficult to
remove, so the study of the rate of re-crystallization of
ferrihydrite to goethite is of major importance in
assessing the proper time interval to the next regener-
ation.

Apart from scientific significance, the occurrence
and re-crystallization of mineral deposits is also
important in economic terms. The reduction in solu-
bility and hardening of incrustations determine the
method and cost of regeneration. Mineral and chemi-
cal analyses of the composition of the incrustation are
also important for proper selection of chemical agents
that will enhance the effectiveness of regeneration.
Given the cost of regeneration, prior analyzing of the
incrustations will enable considerable savings and
extend the time interval between two regenerations.
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Pe3ume

Kosmupame OyHapa 3a jaBHo
BOJOCHA0AeBam-€ y aJlyBHjaJTHUM
akBudepuma nenrpaine Cpouje
MHHEPAJHUM MHKpPYCTaAlMjamMa

Onaname KamanuTera OyHapa y BpeMEHY HacTaje
Kao TOocJenuIa Tporeca KOpo3uje M KOJIMHpama.
[Iporiece xoposuje mMoryhe je CIpeduTH yrpaamboM
onroBapajyhux GpuaTepckux KOHCTPYKIIHja OTIIOPHUX
Ha KOPO3Hjy, JOK MMPOLIECH KOIMHUPamka MOTY HaCTaTH
0e3 o03mpa Ha BpcTy yrpaheHor marepmjana. Koi-
MUpame OyHapa IIOBOAHM 0 Olajarma Kamaurera
OyHapa, moBehama mapa3WTCKUX T'yOWTaka, mopacra
€KOHOMCKHX CPE/ICTBA HEOIXOAHHX 32 TPOIIIKOBE OJIp-
KaBama M Ha Kpajy HamylTama Bomo3axsara. Dop-
MHUpamke Tajora Moxke OUTH MEeXaHWIKO, XeMHU]CKO H
OmoxemMujcko. Y IHJBY cariieflaBama BpCTa Tallora
¢dopmupanux y OyHaprMa 3a jaBHO BOJOCHAO/IEBam-E
KOjH KaIllTUpajy alyBHjaHE W3JaHH, omabpaHo je 15
y30paka 3a gerasbHe aHamuze. Omabup y3opaka Bp-
IIIeH je TaKo Jla C€ 3aJJ0BOJbE KPUTEPUjYMH Pa3IAUH-
THUX OKCHIO-PEAYKIMOHHUX CpeinHa (MEmaHO OKCHY-
HO-aHOKCHYHA CpeuHa — u3Bopuiute TpHOBYe, 6
y30paka), aHOKCHYHA CpelrHa y KOjoj mpeosialyje
nporec peaykuuje Fe(Illl) (beorpamcko m3Bopwuite
MOJ3eMHUX Boja — 6 y30paka) ¥ MellaHa aHOKCUYHA
cpenuHa ca mpeorialyjyhuM mporiecom mapalienHe
penykuuje Fe(Ill)-SO, y monzemuoj Bogu (beorpaa-
CKO M3BOPHIITE MMOJI3EMHUX BO/Ia — 3 y30pKa). XeMHj-
CKe M MHUKpPOOHMOJIONIKE aHaJWM3e IO3EMHUX BOJa
u3BpIIeHe cy y maboparopuju UHCTHTYTA ,,JapociiaB
UepHH*, 10K Cy CEMHU-KBAHTUTATHBHE aHAIIN3€E XEMHU]-
CKOT cacTaBa TaJlora M PeHreHcKa Au(pakirja u3Bp-
mene Ha Pygapcko-reonomrkom dakyiaTery.

Kao momunanTHe Hacnare y OyHapruMma, KOjU KalTH-
pajy amyBujamHe w3maHu Benmke Mopase u Case,
jaBIpajy ce (oxcu)xuapokcuau reoxha. [Ipocedan yneo
oBux Tayora kpehe ce ox 18.1 10 79.3 TeXUHCKUX TIPO-
IIEHTAa, Ca CPEeHoM BpenHoIhy ox 63.7 Tex. mporeHa-
Ta. Y3opuu ca u3BopHmTa TpHOBYE IMOKa3yjy nia ce
yclen Meliamka KICEOHUKA ca TIOA3eMHUM BogaMa 0o-
raTuM JIBOBAJIEHTHUM TBOXKhem Op30 ¢opmupajy Ha-
ciare ¢epuxuapura (625.9 mo 762.2 g/kg). Y mMamem
yAeTy y TJIO3MMa C€ jaBJba MaHTaH-XUAPOKCH/T HACKOT
crerieHa kpucranuaurera (2.67 g/kg mo 212.8 g/kg).
O63upoM 1a je 3a ¢opMmMupame Tanora MaHTaHa
HeomxofaH Behu pemokc MOTeHIWjall MaHTaHOBE WH-
KpycCTanyje HHUCY NIETEKTOBaHEe Y aHOKCHYHUM Cpe[TH-
Hama. Camo y jemHoMm y3opky (Bn-8a) Omio je mo-
BOJAHO BpeMeHa m3Mmel)y 1Be pereHeparmje OyHapa 3a
¢dopmupame retuta (0-FeOOH). I'Boxhe-okcunumryhe
OakTepuje y YCIOBHMa Op3e XeMHjCKe OKCHIAIlHje
rBokha Tamoxke oko cebe cioj hepuxuapuTa YNMe ce
npriiarohasajy ycioBHMa MEIIOBUTE OKCHYHO-aHOKCH-
uyHe cpenune. Gallionella ferruginea n Leptothrix sp.
KaTanu3yjy TpoIece OKCHIO-penyKiuje TBokha u
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y4ecTByjy y popmMupamy Tajora. 3a pasnuKy on Oy-
Hapa Ha TpHOBUY, OGeorpaacku OyHapH ca XOpPU30HTaJ-
HUM JpEHOBMMA TOKa3yjy Jla j€ MaxoM JOIUIO J0 pe-
Kkpuctanmmsaiyje pepuxunpura no reruta (o-FeOOH)
Koju opMHupa Hacare Ha ApeHoBuMa. [lyxwu nepuoan
m3mel)y perenepamuja OyHapa omoryhyjy ,,ouBprrha-
Bame' Haclara a caMMM THM H OTeXaBajy (pr3mdxo-
XeMHjcke pereHepaitije. OCHM reTuTa, CBa TPH y30pKa
Tajora u3 JpeHoBa OyHapa KOjU KalTUpajy MeIIaHy
aHOKCHYHY cpenuHy (Tun npeosial)yjyher mpomeca me-
¢uHucan kao mapanenHa peaykuuja Fe(II)-SOy)
Kapakrepuiue npucyctso rpejruta (FesS,), mok je y
jemHOM Y30pKy oxapeheHo mpucycTBO OepHamuTa

Fe(OH); 1 MOHOKIMHUYHOT cymniopa Sg. Y BUXOBOM
dhopmupamy yiory numajy cyndaro-penykyjyhe dakre-
puje. Y OyHapuma 3axBaheHUM TapelesrHo mporecuma
xonmupama u koposuje (RB-3, RB-42 u RB-46)
3HauajHUje je ydenrhe KBapIa U NIMHOBUTHUX MHUHEpaa
KOjU Cy TIACHBHO MHKOPIIOPUpAHH y Tajore. Yuemrhe
KBaplLa y OBUM Y30pLIMMa U3HOCU J10 54.8 TEKUHCKUX
MIpOIIeHAaTa U yKa3yje Ha IecKkapeme OyHapa.

OnpehuBambe MuUHEpaia KOju YrHEe OyHAPCKH TaJIoT
Ipe ompelnesbera 3a onpeheHn TuI (Pr3nIKo-XeMHjCKe
pereneparje, noehaBa e(UKACHOCT TPUMEHEHUX
MOCTYTaKa, CMambyje TPOIIKOBE OIPKaBaFba N3BOPHIITA
Y TIPOAy’KaBa BEK Tpajara BOIO3aXBaTHUX 00jeKara.





