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Final Scientific Report

Arsenic contamination of Ogosta river: Linking biogeochemical processesin floodplain soils
with river system dynamics (ASCOR)

1. Introduction

The sustainable management of land, which has heavily contaminated by industrial or mining adies,
poses an important challenge to many industrializedhtries, including Bulgaria. This project focdsen
arsenic (As) contamination in NW Bulgaria, where floodplains of the Ogosta river received largeants
of As-rich mining wastes near Chiprovtsi betweeg4l@nd 1979. The research project had three mails,go
which were addressed in three work packages (WP1-3)

« WP1 - Investigation of the magnitude and spatiatrithution of As contamination in the floodplaing o
Ogosta river (Bulgaria) using an integrated appnobased on topography, hydrology, and geochemistry
(WP1, lead partner: BAS).

« WP2 - Improvement of our process-understanding ®fspeciation and mobility in highly-contaminated,
mining affected river floodplains during alternagtimperiods of high/low flow and flooding/drainage,
respectively (WP2, lead partner: ETH).

 WP3 - Exploration of novel approaches for integigtirocess-oriented, molecular-scale knowledge (WP2
and river-system scale information (WP1) to bettederstand As dynamics, As fluxes, and impacts on
water quality at the river-system scale (lead masmETH and BAS).

This final report briefly summarizes the activitiead results achieved in the three work packages |
structured according to the tasks outlined in ttgiral proposal.

2. Summary of research results
2.1. Results of WP1
Task 1-1. Building a Gl Sdatabase for the upper Ogostariver catchment

During the life time of the project data on sodpography, groundwater, hydrological and hydroggickd
settings has been generated and organized in Hbesland in data layers to be used and process&il$
environment. Detailed orthophoto mosaics and digigaain and surface models of the Ogosta Vallayeh
been generated from airborne laser scanning (Ag8jies of maps of morphographic indices and a nfiap o
geomorphographic units of the Ogosta floodplaiopdl maps of historic events and of inundation irduby
rainfalls with return periods 2, 5, 20 and 100 gear map of the groundwater table depth, and a ohap
groundwater vulnerability to As contamination ire tbgosta Valley have been produced. New information
floodplain soil and sediment structure, soil tegtand pH, concentration of As and heavy metals/er water,
groundwater and in certain soil depths have be#iaated as well as simultaneous data on groundwevet
and river stages, seasonal dynamics of pH, EC, @fRiherature, and dissolved oxygen. The weath#osta
installed by our project in the valley providesdmhation on air temperature, precipitation, andespand
direction of wind. Selected data are uploaded ¢0ABCOR server and are shared with all team members

Task 1-2. Spatial analysisof river floodplain mor phology

Spatial analysis of the floodplain morphology pd®s an important basis for the delineation of As
contamination of soil in the Ogosta River valleyr Ehis purpose, a digital terrain model (DTM) bétstudied
stretch of the valley with 1 m resolution was geted using the data obtained by the airborne ksamning
(ALS) of the study area conducted in 2013. Based®M analysis with SAGA free software, calculation,
reclassification, and a combination of Topograp@iassification Index (TCI) for lowland and Vertical
Distance to Channel Network (VDCN) index was used¢rive 18 representative geomorphographic units
(GMUSs). Following this, a map of floodplain landfies was produced in scale 1:5000 (Fig. 1a). Groumt a
surface laser reflection intensity maps (Fig. XbEISRI and SAGA grid format and a digital surfacedei
(DSM) of the Ogosta Valley were also generated ftbenALS-data to support more adequate delineation
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Figure 1. (a) Geomorphographic units in the Ogosta Valley (T, — low floodplain; T, — high floodplain); and (b) Ground laser reflection
intensity in the Ogosta Valley.

the geomorphographic units and analysis of spdigatibution of As in soils. Assoc. Prof. Emilia ferkezova
(BAS) had the major contribution to this subtask.

Task 1-3. Hydrological analysis of the Ogosta river

Statistical analyses and calculations were madeetermine the maximum values of water levels, river
discharge and precipitation with different probipifor past and current periods between 1950 &%D2The
biggest five flood events were selected for thegoel950-1985 when the mining in the Chiprovtsicaveas
the most intensive. The main characteristics afrrilow peaks were estimated, e.g. magnitude anatidn, to
support modeling of As transport in the unsaturatede of the Ogosta’s floodplain during inundatidhe
hydrological analyses were performed by Assoc..mafian Varbanov (BAS).

Task 1-4. Flood modding

Flood modeling was performed to reveal the spansaf pollution determined by deposition of As
contaminated river sediment during high flood esefithe procedure followed two steps — hydrologarad
hydraulic modeling. The discharge of Ogosta Rivaswimulated with the SWAT model for the floods in
1964, 1966, 1967, 1968, 1970, April and Septembevell as for rainfalls with return period 100, Z0and 2
years. The discharge calculated for rainfalls (24t return period 100 years was very close tortbher flow
guantity with the same probability. The model wesand calibrated with precipitation and river floata on a
daily bases for the period 2000-2005. Simulatiohg€gosta river's discharge were made for eight £ros
sections (Fig. 2). The hydrological modelling wasfprmed by Assoc. Prof. Stoyan Nedkov (BAS).

Figure 2. SWAT simulation results of a flood event with measured
data and for a flood with 100 years return period.
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Hydraulic modeling was performed with the model HEBS vers. 4.1.0 for a section of the Ogosta Valley
between the town of Chiprovtsi and the “Ogosta&resir with a length of 28.4 km. The model was lwated
with the flood event on 19.04.2014 and benefittsth &rom a data set of locations of inundated pothiat
were registered in the valley after the flood. Mapsnundated areas for the selected hydrologieahts and
return periods were produced as well as a map stgoihie cumulative depth of inundation of the fivggest
floods during the period of the most intensive idin of the Ogosta River (Fig. 3a). Most of theofils in the
period 1964-1970 cover areas similar to these egdeto be inundated by a 100 years flood (Fig. &g
match well with the areas of high As concentratioroil. Assist. Prof. Todor Lubenov and Seniorias$rof.
Vladimir Kukurin (Department of Hydraulics and Hydlogy, University of Architecture, Civil Engineegn
and Geodesy, Sofia) made the largest contributidhe: hydraulic modeling.

Figure 3. (a) Cumulative depth of inundation during floods occurred in the Ogosta Valley in 1964, 1966, 1967, 1968, 1970;
and (b) Simulated areas of inundation in occasions of rainfalls with a 100 year return period.

Task 1-5. Investigation of arsenic spatial distribution

Extensive soil sampling up to 20-40-60-80-100 cmptkevas conducted within the whole studied floooptf
1556 ha in November 2013 followed by a deep saii@gng and soil coring up to 1-5 m depth in Junaegdst,
and September 2014. The sampling concept considbeethformation from the floodplain morphographic
analyses, the maps of floodplain geomorphographits and from the magnetic susceptibility measurgme
The field work resulted in 859 soil samples takesnf 327 sites in the Ogosta Valley. Pellets hagenb
prepared at the premises of NIGGG from all the dam@nd sent to ETH Zurich for measuring the
concentrations of arsenic and heavy metals by Xirffyaes. Arsenic was found to be in the range 953@
mg/kg with median 90 mg/kg, average 1291 mg/kg staddard deviation 3205 mg/kg. Because of the gtron
variation of the values, the median was preferreaur calculations with regard to As. Using SURFER
software, variogram analyses and kriging interpofahave been applied to generate grids 25x25 nbarE0

m with the As concentration in soil. The latter eémterpolated with the Spline method in ArcGIS amaps of
As distribution in depths 0-20, 20-40, 40-60, 60-80-100, and 100-150 cm were drawn (Fig. 4). Té@ det
used for creation the grid of 0-20 cm combined ARCdata with 271 additional records of As contents i
topsoils available from a survey conducted by agothesearch teanwith comparable methods. The reduced
number of samples in the deeper layers did nowvadlpplication of geostatistics and maps of loweptkde were
therefore not produced with the method described/@bNearly 1300 ha, or 84% of the studied areavsh®
levels exceeding the Bulgarian maximum admissiblecentration (MAC) of 25 mg/kg at various soil dept
in the range 0-150 cm. The area with As concewimatiabove the intervention value of 90 mg/kg ranges
between 378- 980 ha for the studied depths. Tia gqoantity of As in the topsoil of the studieddtiplain is
estimated at 459 t assuming a dry soil bulk density.5 g/cni as determined for the local floodplain soil and
reported in the literature for other floodplainlsoCalculations for all the soil volume from therfeice to 150
cm depth estimated 3150 t of As in the Ogosta Rieedplain sediment deposits. The most severdlycegd

! Spectrotech (1994). Establishment of the Type and Degree of Ecologically Polluted Farmlands with Heavy Metals in the
Municipalities of Chiprovtsi and Georgi Damyanovo. Sofia (in Bulgarian).
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areas are the lowest parts of the floodplain nexhé river where extreme levels of contaminatiaresfound
and where As often peaks in the subsail.

A new method for modeling As distribution in floddm soil was tested using the MAXENT softwareislt
mostly applied for prediction of presence of certhiological species considering spatial informatan the
environmental conditions. We were not able to fimthe literature a survey that uses the MAXENT malddr
mapping of soil contamination. The model was cosrgd appropriate for this purpose, especially ifparian
areas where contamination is closely related witlrrfloods and contaminant distribution is deperiden
floodplain topography. The model was tested withvhBiables, e.g. vertical distance to channel ngtwo
(VDCN), map of geomorphographic units (GMUSs) ofdittplain, cumulative depth of inundations in theiqubr
1964-1970, etc., resulting in predictions for 9emals of As concentrations multiple of MAC named A
classes, mg/kg: <25, 25-90, 90-500, 500-1000, 1EIB, 1500-2000, 2000-2500, 2500-5000, >5000. n§tro
dependence of As distribution was found on the GMddtern, land use, soil cover, VDCN as well as on
inundation depth and some other morphographic @sdfor certain As classes. The generated mapsmnprese
similar distribution of As to this on the maps paegd with conventional geostatistical methods butmmore
detailed and realistic (Fig. 5). The new methodwshpromising results but it needs further developnwath
regard to integration of the layers of each class one predictive map. The main contributionshis task
were accomplished by Assoc Prof. Tsvetan KotsewV ¢aady and sampling concept), Dr. Velimira Stogea
(field work and sample preparation, GIS analyseéssyist. Prof. Todor Lubenov (MAXENT modeling), Pro
Diana Jordanova (magnetic susceptibility study)f.P6tefan Shanov (geostatistical analysis), andt Ku
Barmettler and Prof. Ruben Kretzschmar (ETH Zurarglyses of soil samples).
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Figure 4. As distribution in soil in the Ogosta Valley: (a) Depth 0-20cm; (b) Depth 40-60cm; and (c) Depth 80-100 cm.

Figure 5. Distribution of As concentrations in soil (0-20 cm depth) predicted by the Maxent model. Legend: probability of
occurrence ranges between 0 and 1. (a) 1000-1500 mg/kg As; (b) >5000 mg/kg As.
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2.2. Results of WP2
Task 2-1. Analyses of soil microbial community composition and functional genes

The first objective in WP2 was to investigate Addned changes in the soil microbial communities@la
contamination gradient in the Ogosta river floodpl& o address this objective we sampled and cleniaed
the soils along a 700 m long transect crossingXpesta river near Gorno Tserovene. The Fluvisasgthe
transect exhibited As concentrations over threermgraf magnitude, ranging from 15 to 15600 mg/kige T
river banks were most severely contaminated anelceedsing trend with increasing distance to therwas
observed. Taxonomic survey of the prokaryotic comityualong the transect revealed that the bacterial
community was very diverse but dominated Axgydobacteria (average share of 46%). The diversity of the
archaeal community was comparably low and dominkayegbresumably) ammonia oxidizing species. Thé soi
depth, a proxy for nutrient availability, and thid pvere found highly predictive for the taxonomiokaryotic
community composition (Fig. 6). The As contaminatiapparently only has a minor influence on the
taxonomic composition as assessed by the sharkgyleér rank taxa (phylum, class). Detailed multiaver
analysis also including data on lower rank taxatii§ in progress. Additionally to the taxonomicrgey, we
worked on analyzing functional genes. We desigrtedted, and evaluated qPCR assays to enumerate
prokaryotic genes encoding enzymes catalyzing Asxdransformations, namelrrA encoding an arsenate
reductase, andioA and arxA encoding arsenite oxidases. A description of treessays will be published
together with their application to samples fromaadsfilter for As removal from drinking water in &inam,
which were taken as part of a project of a collabtmr (Prof. Sebastian Behrens, University of Mimutak
Within the PhD project of Michael Simmler, the asswill be applied to the samples from the transect the
results related to the physicochemical charactesisif the soils. The main contributions to thisktavere
achieved by PhD student Michael Simmler (ETH), unithe guidance of Dr. Iso Christl and Prof. Ruben
Kretzschmar (ETH) and in collaboration with Prohdkeas Kappler (University of Tubingen), Prof. Sxizen
Behrens (University of Minnesota), and staff of Genetic Diversity Center, ETH Zurich.
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Task 2-2. Assessment of the variability of the potential microbial mobilization of arsenic from
contaminated floodplain soils.

We conducted microcosm experiments to investigagerélease of As from the soil solid phase to the s
solution as a function of duration of flooding (4p 41 days), soil properties (65 different soilsyda
temperature (10, 17.5 and 25 °C). The set of sodkided 18 soils form the transect and 47 soibenfithe
upper Ogosta catchment between the transect ctofgotno Tserovene and the junction of Ogosta and
Chiprovska river located ca. 18 km upstream. Botliemical changes in the solid phase and the aqud@ase
were monitored in the experiments. We found thatektent to which As was released from differerilsso
varied dramatically, also between soils with similatal As concentrations. From some topsoils, Jggh
release was observed even after short periodsadifig (1-2 weeks), while typically from subsoitetrelease
was low even when flooded for 41 days. Figure 7wshthe soil redox potential (Eh) and the aqueous
concentrations of As and Fe for incubation of 9-tapd 9 subsoils from the transect. Within thet fitays of
flooding the soils became anoxic and reductive asdeof Fe and As was observed. In samples with
considerable release, arsenite (As(lll)) was thaidant As species. The concentration of As in safutvas
correlated to the concentration of aqueous Fe asrslin Figure 8ab. Using a combination of aqueaud a
solid phase As and Fe speciation techniques (dpecicartridge and ICP-MS, Fe and As K-edge XANE®)
found that the ratio of total reduced As to totdluced Fe over 41 days of flooding is equal torét® of
ascorbate-citrate(AscCit)-extractable As to AsaSitractable Fe (stars on 1:1 line in Figure 8c)pdently

the reduction/release of As was coupled to theatialu of the AscCit-labile Fe which represents Eeepool
present as poorly crystalline iron hydroxide pha3éss microbially reactive, AscCit-labile Fe paslonly a
minor fraction of the total Fe in the soils fronoiad) the transect, but is enriched with As as coetph&o the
bulk soil (<10% of total Fe and up to 60% of toAal).

a
]

Figure 7: Temporal dynamics of the soil
redox potential Eh and the total aqueous
concentrations of Fe and As for the
microcosm incubations of (a) topsoils (b)
subsoils from the transect.
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By conducting correlation and best subset multatarlinear regression analysis we explored therdpeies
of the As release on the soil's properties. Theagiitt consisted of 65 observations or differentssoil
respectively. All soils were incubated in microcssfar 20 days and the As released to the soil isolwas
determined. This release data was related to cdmapséve physicochemical soil characterization datarder
to identify potential drivers and inhibitors. Theadability of nutrients (org. C, N) was found tayhly limit the
release of As. Also high manganese contents appanahibit the release, presumably by (i) Mn(I\)
respiration competing with Fe(lll) and As(V) resion and/or (i) Mn(llI/IV) oxides reoxidizing F8) and
provoking the precipitation of As-sequestering ifgmdrite. The best 3-variable multi-log-linear mbfigq. 1]
included N, AscCit-extractable As, and AscCit-egtadle Mn as explanatory variables. It explaine@o86f
the variance in the decadic log of the aqueousamdmation of As (log(Asqs)), whereas a log-linear model
with only total As explained only 15%.

logio(Asgis) = 1.055 + 1.461 log,o(total N) + 0.896 logo(AscCit-As) - 2.297 logo(AscCit-Mn) [Eq. 1]

units: Asg; in pM, all other in mmol/kg; R’=0.8

The 18 soils used for the experiments discussétigare 2 and 3 were also used for microcosm exparien
run at different temperatures in order to deterntiretemperature dependence of As release. Thisresea
shown in Figure 9. In soils with considerable reteahe temperature dependence expressed as tampera
coefficient Qg varied between 2.3 and 6.1. This is of similar niagle as found in the literature for other soil
processes related to anaerobic respiration, e.gthane emission from wetlands ;Qvalues 2.5-5.9). A
manuscript summarizing all results from our micooexperiments is currently in preparation. It viné
submitted to the journ&nvironmental Pollution.

The results of the microcosm experiments have itapbrenvironmental implications. Despite the sulssoi
being most contaminated, the release of As froradlsmil layers during water saturated conditiongriged
by low nutrient availability. In contrast, the lepslluted topsoils possess a higher potential tuctvely
release their arsenic to the soil solution as entsiand carbon sources to drive anaerobic midragsairation
are abundant. Water saturation of subsoil layera assult of rising groundwater table might therefbe
regarded less problematic than surface floodingicdiural practices which result in enhanced contaf
nutrients and As contaminated soil material shdaddavoided. These include the application of feetl or
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deep plowing (mixing nutrient-rich top- and highdgntaminated subsoil material). The Ogosta floddpia
typically flooded in spring to early summer as suteof snow melt in the Balkan Mountains, or imteir as a
result of heavy rainfall. The high temperature dej@nce of As release implicates that not only tr@ttbn of
flooding but also the time of the year, during wha flood occurs, is of crucial importance whendtnes to
estimating a flood’s potential to induce reductieéease of As from soil. Considering this, the flsan early
summer might bear the highest risk.

In a related study (Dr. Elke Suess, DFG Postdocteeow, ETH), data on As and P concentrationghiee
pasture plant speciesl.(lanatus, A. spica-venti, T. repens) growing along the above mentioned transect was
studied. We related her plant uptake data to thelsaracterization data obtained within this pobji order to
investigate the soil-to-plant transfer of As andFigure 10 shows selected results concerning Asoihand
shoots oH. lanatus. We found that the As contamination gradientdimgoils (Fig. 10a) were reflected in the
As plant concentrations (Fig. 10b), but that transfias restricted with transfer factors mostly hel@.07
(TF=AsshoofASsoi). Compared with literature data, the soil-to-plémgsinsfer factors were relatively low (Fig.
10c). Considering typical involuntary soil ingestiby livestock, we suggest that for livestock gngzalong
the transect or on similar contaminated parts efftbodplain, intake via soil ingestion might beeavmore
important than intake via pasture herbage. A mamtsdocumenting this field survey was submittecte
journal Science of the Total Environment. The main contribution to this task was achievedPy) student
Michael Simmler (ETH) under the guidance of Dr. Baristl and Prof. Ruben Kretzschmar (ETH). Prof.
Tsvetan Kotsev and team members helped with fielkwnd provided additional samples.
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Figure 10: (a) Total soil concentrations of As at sampling locations x along the transect. The filled black diamonds (@) represent
topsoil (0-20 cm) concentrations and the open black diamonds (<) subsoil (20-40 cm) concentrations, respectively. The blue
shaded areas indicate the approximate position of the river channels. (b) Concentrations of As in shoots of H. lanatus at sampling

locations x along the transect. Orange circles (®) and green triangles (A) represent samples collected in year 2012 and 2013,
respectively
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2.3. Results of WP3
Task 3-1. Assessment of arsenic fluxes via groundwater

A system of 23 tube wells was constructed in theo<tg Valley in June to September 2014 to provide
monitoring of groundwater. Two wells and a rivernitoring site along a cross section were equippéd w
automatic telemetric systems for measurements tdndevel, temperature, EC, pH, ORP, and dissodefbr
better understanding the interactions between ier flow and groundwater and As mobilization and
transport. Water sampling and measurements of phgisemical parameters started on a monthly baste si
November 2014, though many of the wells have beemitored even earlier. Within the project life timbout
330 river water and groundwater samples in threécates have been collected and sent to ETH Zuddch
chemical analysis and measurement of As and heatglsnwith ICP-OES and ICP-MS. Separation of Aj(llI
from As(V) has been performed in the field using@ation cartridges (MetalSoft Center, USA) filladth
material which selectively adsorbs As(V) while AB(lpasses through and is measured as total Afién t
sample by ICP-MS. Most samples show arsenic coratéris higher than the MPL for drinking water (>10
pg/L) and in many cases the threshold for irrigativater was also exceeded (>106/L). The highest
contaminant levels are associated with the welthénlowest parts of the floodplain where the 8@k highly
polluted and the groundwater vulnerability to Asw@mination was determined to be very high (Fig.. 11
Arsenic levels in groundwater are near the threkhot drinking water in the higher floodplain witess
contaminated soil. Results did not a show corm@tatbetween changes in groundwater level and As
concentration in the water samples (Fig. 12). Wasth noting that the peak of arsenic in the nudghe wells
was registered after the big flood in Septembe520iit the impact of such events on As release Boiinto
groundwater requires additional studies under fimk conditions.
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Figure 11. As (ppb) in groundwater: (a) High GW table after flood in Sept 2014; (b) Low GW table in Sept 2015.

400 Monitoring well - P11 0
700 - r20
600 P40 g
60 <
500 - A g
‘é 400 A\//\ - 80 ;
%) 100 ©
< 300 - \ S
F120 5
200 - L 140 ©
100 - - 160
0 - - 180
S\ N N TN T R IR IR IR\ TN
FHEFPFSHTSH PSS S S PSS
0(}0 %0 Q?.» N @ ,b\(a Q’b \QQ \»@ Qé'o QQ QQ'
— As - - MPL drinking water

Figure 12. Seasonal changes of As concentrations versus groundwater level dynamics in one of the monitoring wells (P11).
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Modeling of As transport in the vadose and satdratmes of the Ogosta river floodplain were perfetrwvith
HYDRUS1-D, MODFLOW and MT3DMS software for 18 and dites, respectively. As(V) was assumed to be
the prevalent species compared with As(lll) in thell oxidized, unsaturated alluvial deposits abdhe
groundwater table. A good correspondence of thefals and water fluxes through the profiles wenevsn.
The concentration of As in solution phase was assuta be coupled to that in the solid phase thrdddh
values determined by laboratory experiments comduat ETH. Assuming oxic conditions in soils, Aerfr
contaminated layers was not predicted to migratehmo layers beneath (Fig. 13). The total inflow of
groundwater in the area between the village of Bei and the ,,Ogosta“ reservoir amounted to 22.&7dnd

its significance in deposition and dissolution bk tpollutant in the saturated zone was predictedheto
negligible. A major role the in spreading of argem the alluvial terrace must thus be attributedhe river
water. Since As(lll) was well presented togethethwAs(V) in many groundwater samples, it was
preferentially modeled in the saturated zone bexafigs higher mobility compared with As(V). Thivalent
species of As was predicted to travel in the aqufer a distance of 100 m to Ogosta River witdn3 and 5
years, respectively for the selected sites neanid&l Gorna Kovachica, and Gavril Genovo, while Ws{vas
predicted to move only a few meters within a perdd®5 years (Fig. 14). This task was accomplishgd
Assoc. Prof. Tsvetan Kotsev (design and constmabbthe groundwater monitoring net, water sampling
Prof. Aleksey Benderev (hydrogeological settingssign of the monitoring wells), Dr. Velimira Stoyama
(groundwater vulnerability map, water sampling, Gi&alyses), Dr. Nathalie Van Meir (modeling of it
water flow in vadose zone), Dr. Dimitar Antonov (deding of As transport in vadose zone), Assistf Hretar
Gerginov (modeling of As transport in saturatedeorvan Petkov (water sampling), and Kurt Barneettl
Michael Simmler, Dr. Iso Christl, and Prof. Rubkretzschmar (ETH Zurich, analysis of water samples,
determination of Kd values for As(lll) and As(V)).
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Figure 13. Transport of As V down the highly contaminated soil profile of monitoring well No 6 for a period of 50 years.
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Figure 14. Transport of (a) As(lll); and (b) As(V) in the saturated zone of the Ogosta’s floodplain near.
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Task 3-2. Assessment of arsenic fluxesin the Ogostariver

Arsenic fluxes in the Ogosta river are mostly dejggr on contaminant concentrations in the riverewand
particulate matter. River monitoring was perfornsdhree sites along the main river: R1- in theaupmst
stretch upstream the Fe-mines; R2 — downstreanmineng area; R3 — mouth of Ogosta River into the
“Ogosta” reservoir at the outflow of the studiederi basin. The mean river discharge in each ofttree cross
sections was determined for a longer period usuagable data on the module surface runoff. It esismated

at 0.255, 1.875 and 6.17%mfor R1, R2, and R3, respectively. The averageeotration of dissolved As in
river water samples taken in the period Dec2013c2D&5 amounts at 3.075 ug/L for R1 (22 samples),064
g/l for R2 (25 samples) and 45.412 ug/L for R3 ¢2Bnples). The annual flux of dissolved As with the
Ogosta river water was estimated for the three mvenitoring sites at 25 kg at R1, 4382 kg at &&j 8837
kg at R3. The average quantity of particulate mattehe river water ranges between 32-86jtmthe three
river cross-sections in 2014 and 2015. The annigahdrge of particulate matter is estimated at t4i242014
and 362 t in 2015 for R1, 5064 t/ 3376 t for R2g &310t/11118 t for R3. There is no data on As &ainin
particulate matter of river water and this was t@son to take the average As concentrations gileswof
overbank sediment samples taken at each river ororgtsite at medium and high river stages. ThaiahAs
fluxes with particulate matter are approximatelys3dg in 2014 and 29.5 kg in 2015 for R1, 8951 R4 kg
for R2 and 4686 kg/8257 kg for R3. The results shather equal distribution of As fluxes betweenusel
phase and particulate matter.

This task was accomplished by Assoc. Prof. TsveKatsev and Ivan Petkov (water sampling, flow
measurements, flux calculations), Assoc. Prof. BMfalWarbanov (hydrologic analysis) and Kurt Barneetéind
Prof. Ruben Kretzschmar (ETH Zurich, Analysis otevasamples).

3. Deviationsfrom research plan
No significant deviations from the research placuoed.

4. Collaboration aspects

The contributions of the team members includindatmrators have been mentioned at the end of eeéh t
section.

Several joint field trips were organized in Jund20May 2014 and 23-26 February 2015. The purpbdieco
first trip was collecting samples from soil, pla@tsd river water to study arsenic fate in the rifl@odplain.
Ruben Kretzschmar, Tsvetan Kotsev, Kurt Barmettidichael Simmler, Elke Suess, Katrin Ehlert, Stoyan
Nedkov, Aleksey Benderev, Velimira Stoyanova andrkena Boyanova took part in the survey. The second
field trip aimed at assessment of short term dyoanof arsenic in the Ogosta River and high frequenc
sampling of river water was accomplished. This wiatolved Ruben Kretzschmar, Tsvetan Kotsev, aod K
Barmettler. Collecting samples from river water gmdundwater within the monitoring programme, adl a®
from soil for laboratory experiments at ETH-Zurialas performed by Tsvetan Kotsev, Todor Lubenown Iva
Petkov and Katrin Ehlert and during the last jdield trip.

A project workshop was held in May 8-9, 2014, at3A'he workshop included presentations by several
members of BAS and ETH and in-depth discussiongaba integration and future work.

Tsvetan Kotsev and Velimira Stoyanova visited thé Shemistry Group headed by Prof. Ruben Kretzsohm
at ETH-Zurich in November 1-6, 2015, for discussiai the obtained project results and for planrjoigt
publications.
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5. Research output
Publications:

Mikutta, C., Mandaliev, P.N., and Kretzschmar, R013):New clues to the local atomic structure of
short-range ordered ferric arsenate from extendedyXabsorption fine structure spectroscdgyiron.
Sci. Technol. 47, 3122-3131.

Tcherkezova, E. (2015). GIS-based delineation a@gibnalisation of geomorphographic units in the
floodplain of Ogosta River between the settlement/rh Genovo and the “Ogosta” reservoir (NW-
Bulgaria).Problems of Geography, issue 1-2, BAS, Sofia.

Stoyanova, V. (2015). Variables for groundwatemeuability assessment from arsenic contamination in
the Ogosta River floodplain between the villageviafrtinovo and the ,Ogosta“ dam lakieroblems of
Geography, issue 3-4, BAS, Sofia.

Benderev, A., Gerginov, P., Antonov, D., Meir, N.VKretzschmar, R. (2015). Conceptual
hydrogeological model of the Ogosta river floodpl&iVestern Balkan, Bulgaria) and its application fo
predicting groundwater contamination with arsertcoceedings of SGEM Conference, June 18-24,
2015, res. Albena, Bulgaria.

Antonov, D., Hristov, V., Benderev, A., Kotsev, (R015). Comparing the parameters from pedotransfer
functions and in situ permeability tests in the asal zone of the Ogosta River floodplain in conmecti
with validation procedures of contaminant migratinadelling. Proceedings of the National Conference
with international participation “GEOSCIENCES 201®ecember 10-11, 2015, Sofia, Bulgaria, p. 139-
140, ISSN 1313-2377.

Planned publications:

Simmler M, Suess E, Christl |, Kotsev T, Kretzschri®a: Soil-to-plant transfer of arsenic and phospko
along a contamination gradient in the mining-impdcOgosta River floodplain. Manuscript submitted to
Science of the Total Environment.

Simmler, M., Bommer, J., Frischknecht, S., Chri§ll, Kotsev, T., and Kretzschmar, R.: Solubility A
during flooding of a mining impacted floodplain: @Endence on duration of flooding, soil properties a
temperature. Manuscript in preparation (to be sttikeohtoEnvironmental Pollution).

Simmler, M., Behrens, S., Christl, 1., Kotsev, @nd Kretzschmar, R.: Soil prokaryotic communityr@aan
arsenic contamination gradient in a mining-impadieddplain: Taxonomic composition and abundance of
arsenic metabolism genes. (manuscript to be prdpare

Antonov, D., Gerginov, P., Meir, N., Benderev, S&immler, M., Christl, ., Kretzschmar, R., and KoisT.:
Arsenic transport in the vadose zone and in alllagaifer of contaminated river floodplain. (mantagtto be
prepared)

Kotsev, T., Stoyanova, V., Tcherkezova, E., ShaoyChristl, I., Simmler, M., Jordanova, D., Kisthmar,
R.: GIS-based analysis of arsenic spatial distiglutn soils of the Ogosta Valley against river dgmcs,
floodplain morphography and land use. (manuscoifitet prepared)

Lubenov, T., Stoyanova, V., Tcherkezova, E., NikolK., Kretzschmar, R., and Kotsev, T.: Applicatioh
MAXENT modelling for prediction of contaminant digtution in floodplain soil. (manuscript to be pespd)

Stoyanova, V., Benderev, A., Lubenov, T., Barmette, Kretzschmar, R. and Kotsev, T.: GIS-basealysis
of arsenic spatial distribution and dynamics in updwater of the Ogosta Valley against floodplain
morphography. (manuscript to be prepared)

Stoyanova, V., Benderev, A., Simmler, M., TcherkezoE., Ehlert, K., Nikolova, M., Barmettler, K.,
Kretzschmar, R., and Kotsev, T.: An integrated G#Sed approach to groundwater pollution risk assess
in arsenic contaminated river floodplain (Michi'adaKatrin's results can be used here). (manustoifie
prepared)
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Scientific Presentations:

Kotsev, T.: NIGGG-BAS Seminar: Mining impact to tRéverine Environment in Bulgaria — Geoecological
Issues Related to Ogosta River Valley. Bulgariaradny of Sciences, Sofia, Bulgaria, June 8, 2012
(workshop organized during the preparation phaskeoproject).

Kretzschmar, R.: NIGGG-BAS Seminar: Micro-XRF/XA&idies on arsenic speciation in Ogosta floodplain
soils. Bulgarian Academy of Sciences, Sofia, Bugadune 8, 2012 (workshop organized during the
preparation phase of the project).

Kretzschmar, R.: Speciation and mobility of traareents in wetland soils. Goldschmidt Conferencegust
25-30, 2013, Florence, Italy (invited keynote preaton).

Stoyanova, V.: Variables for groundwater vulnergbassessment from arsenic contamination in tgesta
River floodplain between the village of Martinovmdathe ,Ogosta“ dam lake. Scientific Conference in
memoriam of Prof. Batakliev, October 30-31, 201azardzhik, Bulgaria.

Kretzschmar, R.: Speciation and biogeochemicalimyabf As in periodically flooded soils affected bgdox
processes. Invited talk at Nanjing Agricultural Weisity, China, March 2015.

Public Outreach

Chiprovts townhall meeting, April 9, 2013. Objective: Presentation of the project goals and activitidsctal
authorities and governmental agencies, local corepaand NGOsParticipants. Vice-Mayor of Municipality

of Chiprovtsi, Mayors of villages in the Ogosta gl representatives of the Executive Agency fahEries
and Aquaculture, residents of Chiprovi@utcome: Dissemination of information about the project A
among the local communities and authorities; gaswgaport and positive attitude of local administratand
people to the ASCOR project; signed cooperatioreagent between NIGGG-BAS and the Mayor of
Chiprovtsi to support ASCOR project activiti€seaker: Prof. Tsvetan Kotsev.

Field demonstration for pupils from a local school, June 6, 2013. Objective: Explain and demonstrate
ASCOR project activities to pupils in the field gbre 15).Participants. 25 pupils, a teacher, and the
Headmaster of the school Petar Parchevich in Chigitdutcome: Increased awareness of young local people
about the risks and hazards from the arsenic pafiuh the Ogosta Valley, dissemination of inforroatabout
the ASCOR project in the local communiti€eaker: Prof. Tsvetan Kotsev; with demonstration of water
sampling techniques by Prof. Ruben KretzschmarkamtiBarmettler (ETH).

Figure 15: Demonstration of soil sampling with a drill auger to pupils from a local school in Chiprovtsi.
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Automatic meteorological station is installed in the lands of EcoTerra organic famnthe Ogosta Valley and
the real time weather information is used by thmagmists for short term planning of farming adtes.

Talks and explanations of environmental risks related with As contamination were given to thealgpeople
in the field during the construction works of thegndwater monitoring system in June-September 2014

6. Further use of equipment

A public procurement procedure has been completgdébBulgarian Pl in order to purchase the follogvi
equipment for ground water and river water quatitynitoring at a total price of 41775.75 CHF:

*  LogCom-2/GSM/MPS-PTEC, SEBA Hydrometrie (Germarypieces — automatic telemetric system
for measurement of water level, temperature anctredeconductivity installed in a monitoring well
(No P14) and in the Ogosta River’s channel (No B13R

* LogCom-2/GSM/MPS-D8, SEBA Hydrometrie (Germanypidce — automatic telemetric system for
measurement of water level, temperature, electmcactivity, pH, redox potential (ORP), dissolved
oxygen, installed in a monitoring well (No P14}t Ogosta Valley;

* KLL-Q-2 MPS-D8, SEBA Hydrometrie (Germany), 1 pieca system for field measurement of water
level, temperature, electric conductivity, pH, regmtential (ORP), dissolved oxygen, which is used
for water monitoring of all the tube wells and r&ites in the Ogosta Valley;

* GEOCONTROL PRO, Geotech Environmental EquipmentX))$ piece — a device especially
designed for sampling groundwater from tube wells.

All the equipment is stored at the premises of NE&BAS in complete order. It will be used for growader
and river water quality monitoring in the Ogostdl®a which will continue at least for two more ysafter
the end of ASCOR project. The aim of the furthetevanonitoring will be to reveal the impact of mitoods
on arsenic fluxes from contaminated floodplain smijroundwater and river.

14



