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Abstract 
The dissertation contributes to the As mobility at the naturally contaminated site of Mokrsko gold 

deposit in Central Czech Republic. The primary goal of the dissertation is to fill some gaps in previous 

research carried out at the study site in order to contribute to the quantitative biogeochemical model of As 

in the bedrock-groundwater-soil-surface water system.  

In the first part, the previous research related to As environmental issues at the study site has been 

reviewed, discussed and evaluated. These include detail information on (i) the extent of natural As 

contamination in bedrock and soil, (ii) the extent of As contamination in groundwater, (iii) the primary 

and secondary As mineralogy in bedrock and soil, (iv) the chemical speciation of As in soil and (v) the 

leaching experiments of the gold ore. 

In the second part, the mineralogical and chemical speciation of As in soil, in stream and fishpond 

sediments and dissolved As concentrations in waters have been studied to determine the processes that 

lead to release of As into solution and control its concentration under different redox conditions at the 

Mokrsko gold deposit. The highest dissolved As was found in groundwater (more than 1000 μg L-1), 

which mostly represents a redox transition zone where both sulphide minerals and Fe oxyhydroxides are 

not stable. The groundwater level elevation and/or variations of microbial activity are responsible for the 

variations of redox potential in this zone, which is related to reductive dissolution of host Fe 

oxyhydroxides and secondary arsenate minerals, followed by release of soluble As. Some shallow 

subsurface environments with high organic matter around the gold deposit are characterized by very 

reduced conditions that evidenced formation of Fe(II) sulphides with adsorbed and/or coprecipitated As. 

Dissolved As concentration at equilibrium with sulphide under the reduced conditions is lower than those 

in transition zone, and is less than 100 μg L-1. Under oxic conditions, arsenate minerals are undersaturated 

and release As into the solution which is characterized by As concentration from 300 to 450 μg L-1 in the 

stream and fishpond waters. A general biogeochemical model of As derived from our field observations 

and analytical data shows complicated behaviour of As at the solid phase-solution interface in 

contaminated soils and sediments, affected by a number of biological and geochemical processes. 

In the third part, monthly monitoring of stream waters for the period of two years was combined 

with thermodynamic modelling and detailed mineralogical-geochemical observation of stream sediments. 

Hydrobiogeochemical processes regulating seasonal variation of dissolved As and other elements (Zn, Pb, 

Cu, Mo, Sb) were identified in two stream waters within the Čelina-Mokrsko gold district. Concentrations 

of metal cations (Zn, Pb, Cu) increased between 150% and 330% from summer-autumn minimum values 

to maximum values at winter-spring as pH and temperature decreased. In contrast, concentrations of 

metal and metalloid oxyanions (As, Mo, Sb) revealed opposite seasonal pattern with increase between 

120% and 190% at summer-autumn. While the seasonal variations of As, Mo and Sb are the result of 

microbially mediated Mn and/or Fe redox reactions, seasonal variation of Zn, Pb and Cu are rather 

controlled by pH- and/or temperature-driven adsorption processes on inorganic substances such as Fe and 

Mn oxyhydroxides that are abundant in both streams. The results of single extractions indicate that 
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majority of elements, with the decreasing order of abundance As>Cu>Sb>Zn>Mo≈Pb, were bonded to 

reducible phases, which is consistent with mineralogical and geochemical observations in stream 

sediments. 

In the fourth part, weathering mass balance of As and rates of weathering in regolith have been 

evaluated from monitored inputs and outputs in two small watersheds located within the Čelina-Mokrsko 

gold district. Annual chemical weathering fluxes of As have been calculated from the monthly weighted 

means of stream water and groundwater, and were corrected for atmospheric precipitation, agrochemical 

inputs and biological uptake. The input of As due to total weathering of bedrock was estimated to be 1369 

g ha-1yr-1 in the Mokrsko watershed (MW) and 81 g ha-1yr-1 in the Čelina watershed (CW). These results 

indicate that the annual weathering rate of As in the watersheds represents more than 95% of the total As 

input to the regolith. Accumulation rate of As in the soil was estimated at 311 g ha-1yr-1 in MW and 69 g 

ha-1yr-1 in CW. The results of mass balance method in both watersheds suggest that weathering could be 

the most important process in the biogeochemical cycle of As in the areas with elevated As content in the 

bedrock. While the method presented is too simple to provide exact quantitative values of As mobility in 

the bedrock-water-soil-biomass system, our results indicate that it is highly promising in evaluation and 

estimation of the mass balance of As in regolith with both natural and anthropogenic inputs and outputs 

of As.  
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Abstrakt 
Tato disertace je příspěvkem k poznání chování As na přirozeně kontaminované lokalitě 

zlatonosného ložiska Mokrsko ve středních Čechách. Cílem práce bylo doplnit některé chybějící poznatky 

tak, aby byl získán celkový obraz chování As v systému hornina-podzemní voda-půda-povrchová voda na 

studované lokalitě. 

První část disertace shrnuje a stručně zhodnocuje ostatní práce, které se zabývaly 

problematikou As na této lokalitě. Tyto práce zahrnují (i) studie o rozsahu a míře kontaminace As 

v horninách a půdách na ložisku a v jeho blízkém okolí, (ii) studie o kontaminaci As v podzemní vodě, 

(iii) studie o primární mineralogii As v hornině a mineralogické vazbě As v půdách, (iv) studie o 

chemické vazbě As v půdách a (v) loužící experimenty s rudou. 

Druhá část disertace popisuje procesy, které vedou k uvolnění As do roztoků a regulují jeho 

koncentraci v různých oxidačně-redukčních podmínkách. Za tímto účelem byla studována mineralogická 

a geochemická vazba As v půdách, potočních a rybničních sedimentech a koncentrace anorganických 

forem As ve vodách na lokalitě Mokrsko. Nejvyšší koncentrace rozpuštěného As byly nalezeny 

v podzemní vodě (více než 1000 μg L-1), která obvykle reprezentuje přechodnou oxidačně-redukční zónu 

s termodynamicky nestabilními sulfidy i Fe oxyhydroxidy. Změny redoxního potenciálu v této zóně, které 

jsou vyvolány oscilací hladiny podzemní vody a/nebo změnami mikrobiální aktivity, způsobují redukční 

rozpuštění Fe oxyhydroxidů a krystalických arzeničnanů a následné uvolnění As do podzemních vod. 

V místech s vysokým obsahem organické hmoty a velmi nízkým redoxním potenciálem v okolí ložiska 

dochází ke srážení Fe(II) sulfidů s adsorbovaným a/nebo spolusraženým As. Koncentrace rozpuštěného 

As v rovnováze se sulfidy v těchto prostředích nepřesahuje 100 μg L-1. Oxidační prostředí povrchových 

vod je charakterizováno koncentracemi 300 až 450 μg L-1 As. Hlavním zdrojem rozpuštěného As je zde 

rozpouštění krystalických arzeničnanů, které jsou vůči prostředí povrchových vod silně nenasyceny. 

Navržený biogeochemický model As na studovaném ložisku ukazuje na komplexní chování As na 

rozhraní pevná fáze-roztok v kontaminovaných půdách, které je ovlivňováno řadou biologických a 

geochemickým procesů. 

V třetí části disertace byl studován vliv hydrologických a biogeochemických procesů na změny 

rozpuštěných koncentrací As a jiných prvků (Zn, Pb, Cu, Mo, Sb) v potoční vodě během klimatických 

změn v roce. Pro tento účel byla využita fyzikálně-chemická data z dvouletého monitoringu na dvou 

malých povodích, detailní mineralogicko-geochemické charakteristika potočních sedimentů a 

termodynamické modelování speciace a saturačních indexů. Koncentrace kovů tvořící kationty (Zn, Pb, 

Cu) se během období zima-jaro zvýšily o 150% až 330% oproti létu a podzimu. Naopak, pH a teplota 

spolu s koncentracemi prvků tvořící oxyanionty (As, Mo, Sb) vykazovaly synchronní, leč opačné trendy 

s nejvyššími hodnotami v létě a na podzim. Výsledky studia ukazují, že změny koncentrací As, Mo a Sb 

jsou způsobeny mikrobiálně řízenými oxidačně-redukčními reakcemi Mn a Fe oxyhydroxidů v potočních 

sedimentech. Změny koncentrací Zn, Pb a Cu jsou spíše regulovány pH a teplotou řízenými adsorpčními 

procesy na anorganické materiály, které zejména zahrnují hojné Mn a Fe oxyhydroxidy v potočních 



Geochemical model of arsenic at the Mokrsko gold deposit                                               Dissertation of Petr Drahota 

 10

sedimentech obou povodí. Výsledky jednoduchých extrakcí potvrzují významnou vazbu studovaných 

prvků na redukční frakci se snižujícím pořadí významnosti: As>Cu>Sb>Zn>Mo≈Pb. 

Čtvrtá část disertace obsahuje hmotnostní bilanci As a rychlosti zvětrávání horniny, které byly 

odvozeny z ročního monitoringu toků prvků ve dvou malých povodích situovaných ve studovaném 

rudním revíru. Toky chemického zvětrávání As byly vypočteny z měsíčních odtoků povrchové a 

podzemní vody, které byly upraveny o hodnoty vstupů z atmosférické depozice, z antropogenních vlivů a 

o hodnoty výstupů v podobě akumulace prvků v biomase. Vstup As z celkového zvětrávání byl odhadnut 

na 1369 g ha-1rok-1 v povodí Mokrsko (MW) a 81 g ha-1rok-1 v povodí Čelina (CW). Tyto hodnoty 

reprezentují více než 95% z celkového vstupu As do půd v celkové bilance As v obou povodích. 

Rychlosti akumulace As v půdách byly odhadnuty na 311 g ha-1rok-1 v MW a 69 g ha-1rok-1 v CW. 

Výsledky hmotnostní bilance As v obou povodích ukazují, že zvětrávání může být nejvýznamnějším 

procesem v kvantitativním biogeochemickém cyklu As v oblastech se zvýšeným obsahem As v hornině. 

Ačkoli je použitá metoda příliš jednoduchá pro přesné kvantitativní zhodnocení dynamiky As v systému 

hornina-voda-půda-biomasa, může však úspěšně posloužit v odhadu hmotnostní bilance As v půdě, která 

je regulovaná přirozenými i antropogenními vstupy a výstupy As. 
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Preface  
Arsenic in the environment 

Arsenic (As) distribution and its toxicology in the environment is a serious issue, with millions of 

individuals worldwide being affected by As toxicosis. Arsenic has been detected in groundwater in 

several countries of the world, with concentration levels exceeding WHO drinking water guideline value 

of 10 mg L-1 (WHO, 2001) as well as the national regulatory standards (e.g., 50 mg L-1 in India and 

Bangladesh, Smith et al., 2002; Ahmed et al., 2004). The most notable cases of regionally elevated As in 

groundwater include aquifers in Argentina (Smedley et al., 2002; Bundschuh et al., 2004; Bhattacharya et 

al., 2006), Bangladesh (Nickson et al., 2000; Anawar et al., 2003; Tareq et al., 2003; Ahmed et al., 2004; 

McArthur et al., 2004; Khalequzzaman et al., 2005; Harvey et al., 2005; Charlet and Polya, 2006; Hasan 

et al., 2007), Chile (Caceres et al., 1992; Romero et al., 2003), Mexico (Romero et al., 2004), Taiwan 

(Chen et al., 1994; Liu et al., 2006), Vietnam and Cambodia (Berg et al., 2001; Berg et al., 2007) and 

many parts of USA (Schreiber et al., 2000; Welch et al., 2000; Sidle et al., 2001; Haque and Johannesson, 

2006; Barringer et al., 2007). 

Anthropogenic point sources contribute to As found in the environment (e.g., Nriagu, 1989; Julliot 

et al., 1999; Matschullat, 2000; Pacyna and Pacyna, 2001; Mahimairaja et al., 2005). These include Cu-

Au ore smelting, smelter slag, coal combustion, runoff from mine tailings, pigment production for paints 

and dyes, and the processing of pressure-treated wood (e.g. copper chromated arsenate, Bhattacharya et 

al., 2002; Rice et al., 2002). The application of As-based pesticides (e.g., calcium arsenate, 

dimethylarsonate), alone amounted to ~ 10000 metric tons per year for nearly five decades (1930-1980) 

(Welch et al., 2000), has gradually disappeared since the 1960s due to greater understanding of As 

toxicity and awareness regarding food safety and environmental contamination (Sanok et al., 1995; Smith 

et al., 1998). Similarly to As-bearing pesticides, As has been replaced in most applications by synthetic 

dyes, but it is still used in agriculture (e.g., roxarsone, Christen, 2001). In contrast to localized sources of 

anthropogenic As pollution, naturally occurring As is very broadly distributed in many subsurface 

drinking water aquifers around the globe (Welch et al., 2000; Nordstrom, 2002; Smedley and Kinniburgh, 

2002). Ironically, it is these “natural” sources that are of the most concern to human health worldwide. 

Research on As is currently very active and includes assessment of interactions at scales ranging 

from molecular to sub-continental, As speciation in inorganic and organic materials through a wide 

variety of chemical and spectroscopic approaches, and emerging understanding of the role of microbes 

and other biota in As cycling. Recent studies widely use direct spectroscopic characterizations and have 

begun to verify differing chemical states of As in natural samples and their influence on As mobility (e.g., 

Kneebone et al., 2002; Morin et al., 2002; O´Day et al., 2004; Paktunc et al., 2004; Beauchemin and 

Kwong, 2006; Mitsunobu et al., 2006). Under oxic conditions, it is widely accepted that As in soils and 

sediments is removed from solution by adsorption to or coprecipitation with Fe(III) oxyhydroxide and 

possibly by adsorption to Mn, Al oxides and phyllosilicate minerals (e.g., Goldberg, 1986; Goldberg, 

2002; Manning et al., 2002; Dixit and Hering, 2003; Chakraborty et al., 2007). As oxidized conditions 
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change to progressively more reduced in subsurface, As(V) is reduced to As(III), probably mediated by 

microbial activity that includes metabolic and detoxification mechanisms (Macur et al., 2001; Oremland 

and Stolz, 2003; Macur et al., 2004; Oremland and Stolz, 2005). Reduced As may be released to solution 

by the reductive dissolution of Fe(III) oxyhydroxides and other phases (e.g., Harvey et al., 2002; Dixit 

and Hering, 2003; McArthur et al., 2004). This mechanism is thought to be a primary cause of elevated 

As in groundwaters in many countries of world (e.g., Bangladesh), although factors that drive reduction in 

a particular system often remain obscure (Charlet and Polya, 2006). 

 

Purpose of the dissertation 
In addition to As contamination of shallow aquifers in the areas such as mentioned above, highly 

localized sources of As can present health hazards to individuals and local communities. Contamination 

from natural sources or former industrial sites is of serious concern, and as seen in many articles 

published in this subject, a fundamental understanding of how As moves through soils and watercourses 

is critical to assessing the environmental risks. 

Relevant As contamination in Czech Republic is restricted only to the highly localised sources. 

These mainly include As concentrations related to historical mining operations, where mine wastes or 

wastes from mineral processing are the sources. Specific feature associated with high As contamination is 

represented by natural sources in mineralised rocks or sediments. Arsenic in the biogeochemical systems 

is usually in stationary state with different sensitivity to change of external conditions, and may thus 

represents possible environmental risk for the surroundings. Study of quantitative biogeochemical cycles 

and elucidation of the possible As mobility at such sites are for these reasons very challenging and 

important from many practical aspects. 

The dissertation contributes to the As mobility at the naturally contaminated site of Mokrsko gold 

deposit in Central Czech Republic that has been studied by many authors in many publications during the 

last decade (see the chapter 1). We have attempted to fill some gaps in previous research in order to 

complete the quantitative biogeochemical model of As at this site. The particular main objectives 

included: 

• A brief summary of previous environmental As-related research at the study site 

• A description of biogeochemical processes controlling precipitation and dissolution of As-

bearing secondary minerals in soils and sediments under different redox conditions at the 

study site 

• A description of hydrobiogeochemical processes controlling seasonal variations of 

dissolved As and metal concentrations in stream waters at the study site 

• A quantification of the role of bedrock weathering in mass budget of As in two watersheds 

located within the study site 
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An overall summary of the dissertation 
The dissertation is organized as follows. In chapter 1, a brief summary of environmental studies 

related to As at the Mokrsko gold deposit, previously obtained by other authors, are given. They include 

(i) detailed mineralogical observations of primary and secondary phases of As in bedrock and soil, 

respectively (e.g., Filippi et al., 2004; Filippi et al., 2007; Zachariáš et al., 2008), (ii) chemical speciation 

of As in soil (e.g., Filippi et al., 2007; Doušová et al., 2008), (iii) studies of As mobility under the 

conditions of different pH, ionic strength (Doušová et al., 2008) and with competing ions (e.g., Sisr et al., 

2007), and (iv) experimental determination of the weathering rate and release of As from the gold ore 

during leaching experiments (e.g., Mihaljevič et al., 2004). 

The most important part of the dissertation is presented as a set of three manuscripts of original 

research that have been already published (Science of the Total Environment – chapter 4), is under review 

(Chemical Geology – chapter 2), or have been submitted to an international journal for scientific research 

(Aquatic Geochemistry – chapter 3).  

Chapter 2 describes the biogeochemical and mineralogical processes controlling As mobility under 

the different redox conditions in soil and stream sediment at the Mokrsko gold deposit. For these reasons, 

the mineralogical and chemical speciation studies of As in three soil profiles and stream sediments were 

combined with speciation analysis of As in different types of waters and thermodynamic modelling. The 

results are summarized in the biogeochemical model of As that shows complicated behaviour of As at the 

solid phase–solution interface in the contaminated soils and sediments. 

Chapter 3 attempts to identify hydrobiogeochemical processes regulating seasonal variations of As 

and other elements (Zn, Pb, Cu, Mo, Sb) in stream waters that have been documented in two watersheds 

located within the study area. Monthly measurements of stream waters for two successive years were 

combined with thermodynamic modelling and detailed mineralogical-geochemical observation of stream 

sediments. The results suggested that one or more in-stream biogeochemical processes (Mn and/or Fe 

redox reactions, pH- and/or temperature related adsorption) rather than hydrologic changes control the 

seasonal variations of the elements concentration in both observed streams. 

Chapter 4 quantifies the weathering mass balance of As and the rates of bedrock weathering that 

have been evaluated from one-year monitored inputs and outputs in two watersheds within the study area. 

Annual chemical weathering of As was calculated from the monthly weighted means of stream water and 

groundwater corrected for input fluxes of atmospheric precipitation, agrochemical operations and output 

fluxes of biological uptake. Simple model presented in this chapter was used successfully in estimating 

the role of weathering and erosion in As contamination on the scale of small watershed. 

The last chapter 5 provides some concluding implications for the mobility of As in the bedrock-

groundwater-soil-surface water system at the study site. Open questions and possible future directions in 

research that have emerged from our research are discussed at the end of this chapter. 
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CHAPTER 1.  Environmental research at the Mokrsko gold 

deposit – a review 
1.1. Introduction 

The Mokrsko gold deposit is a part of the Psí hory gold district that has been defined in 1978-1980 

under the “Project of geochemical prospecting of the Jílové belt – Au, Cu ore” (project number 01 78 

2121, Geoindustria, Prague). The district, situated in the middle Povltaví area between the Cholín, Čelina 

and Prostřední Lhota villages, has not been mined in the past except rare old workings from Celtic era at 

the Čelina deposit. The results of the first period of the geochemical prospecting of the Jílové belt have, 

however, suggested extensive Au-mineralizations in that region. From 1980 a new project “VP Čelina-Psí 

hory” (project number 01 80 2103, Geoindustria, Prague) begun to verify the most promising 

geochemical anomalies of Au previously found by regional geochemical prospecting. The first ore 

deposit explored under this project (1980-1985) was the Čelina gold deposit. Subsequent detailed soil 

metallometry and drilling under this project identified large geochemical anomaly of Au around the 

Mokrsko village (Morávek, 1983). Highly positive results in the Mokrsko area resulted in modification of 

the project “VP Čelina-Psí hory” in 1983 with new goals that were mainly represented by detailed 

exploration of new geochemical anomalies identified by soil metallometry and especially that of Mokrsko 

ore zone. As early as 1984, there were calculated total Au reserves at the newly defined Mokrsko-West 

gold deposit of 110 t in 23 457 kt of ore (Morávek, 1985). These results make the Mokrsko-West gold 

deposit the largest accumulation of Au in the Bohemian Massif and its parameters correspond to the 

middle-sized world deposits of Au. 

The main environmental issue at the Mokrsko gold deposit is related to high As concentration in 

many environments of the biogeochemical system including bedrock, soil, groundwater, surface water 

and biomass (viz. section 1.2.1.). While the high As concentration in bedrock and soil were found during 

the prospecting campaigns (1980-83) and high As concentrations in groundwater were detected 

subsequently (1984-1985) by Jílek (1985), the groundwater with hazardous values of As was used for 

drinking water supply by local population of the Mokrsko village until early 1989. The use of 

groundwater for drinking water supply in this area was forbidden on the basis of the results of the second 

sampling campaign of the groundwater in 1988 (in Morávek, 1990).  

From the late 90th of the last century, the behaviour of As at the Mokrsko deposit has become a 

major focus of many research projects, e.g. MŽP/65/B/97/4 and MŽP/65/B/98/5 (leader: Z. Pertold, 1997-

1998); GA UK 273/1997/B-GEO (leader: M. Mihaljevič, 1997-1999); GA ČR 205/97/0829 (leader: J. 

Pertoldová, 1997-1999); EMOZMiD-Rio Tinto Technology Development Ltd. 79-502 881 (leader: Z. 

Pertold, 2000-2003); GA ČR 205/06/0298 (leader: J. Száková, 2006-2008). The projects supported many 

studies including academic theses (2 PhD theses-Sisr, 2006, and Filippi, 2007; 4 MSc theses-Sisr, 1998, 

Filippi, 1999, Poňavič, 2000, and Průša, 2000; 1 Bc thesis-Ackerman, 2002) as well as original research 
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published in scientific journals (e.g., Mihaljevič et al., 2003; Mihaljevič et al., 2004; Filippi et al., 2004; 

Filippi et al., 2007; Sisr et al., 2007; Zachariáš et al., 2008). 

 

1.2. Summary of the studies 
1.2.1. Distribution of arsenic at the study site 

Over 25000 bedrock samples collected at the Mokrsko gold deposit were analysed for As and 

twelve other elements (Ag, Au, B, Bi, Co, Cu, Mo, Ni, Pb, Sn, W and Zn). The mean As concentrations 

of granodiorite and volcano-sedimentary rocks from the dataset are 1532 (median 600 mg kg-1) and 652 

mg kg-1 (median 300 mg kg-1), respectively (Morávek, 1990). The vertical zoning of the mineralization is 

marked by changes in contents of As as a pathfinder. While both the quartz vein density and Au content 

decrease with depth, the As content increases with depth. Enhanced levels of As also form a well defined 

halo around the Mokrsko-West deposit within the granodiorite (upper northern part of the Mokrsko ore 

zone). 

 

 
 
Figure 1. Distribution of arsenic in soil (fraction <0.063 mm of B soil horizon) at the Čelina-Mokrsko gold district 
(adjusted after Janatka and Morávek, 1990). 
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The distribution of As in soil of the district has been studied by detailed soil metallometry (Janatka 

and Morávek, 1990); 5362 soil samples were collected on a regular sampling grid with a density of 320 

samples per km2. The samples were collected from the lower B horizon, and analysed in <200 μm 

fraction for the set of thirteen elements similar to that of rock geochemistry. Arsenic proved to be a very 

important pathfinder of gold mineralization (Janatka and Morávek, 1990); it forms a large halo in the soil 

above (not only) the ore zone with the concentrations of nearly 4500 mg kg-1 in soil (Morávek, 1991). 

According to the data of soil prospecting, the extent of As contamination in soil was estimated at levels of 

>200 mg kg-1 over approx. 1.12 km2, >500 mg kg-1 over approx. 0.3 km2, and >1 000 mg kg-1 over 

approx. 0.13 km2 (Fig. 1). Distribution of As along the soil profiles is usually highly variable (from 330 to 

26300 mg kg-1, Filippi et al., 2004) and may reflect sorption processes in B soil horizon (Filippi et al., 

2004) as well as the occurence of relicts of primary mineralization with As-bearing minerals (Filippi et 

al., 2007). 

The geomedicine study (Jílek, 1985) investigated chemistry of 17 groundwater samples from 9 

shallow wells (approx. 5 m deep, maximum 18 m) located in the Mokrsko village and possible health risk 

and impact. The study detected very high concentrations of As (mean 701 μg kg-1, median 633 μg kg-1, 

minimum 255 μg kg-1, maximum 1690 μg kg-1). In 1989, Public health station in Příbram analysed 

groundwater from 14 wells in Mokrsko village (in Morávek, 1990) and found similarly high As 

concentrations (mean 922 μg kg-1, median 879 μg kg-1, minimum 108 μg kg-1, maximum 1857 μg kg-1). 

The sampling and handling procedures in these hydrochemistry studies are not described and thus the 

concentration of As are probably represented by both dissolved and particulate As. 

Two studies (Janatka, 1990, and Bezvodová, 1996) investigated As uptake by the plant tissues of 

blueberry, cereals, grass and potato in the area of the district. They found high levels of As in cereals 

(0.17-7.21 mg kg-1) that exceeded the maximum limit for food products (0.1 mg kg-1, Vyhláška, 69/86) as 

well as for cereal pasture (2.28 mg kg-1, Vyhláška, 117/87). On the contrary, concentrations of As in 

blueberry, grass and potato did neither exceed the maximum limits for pasture grass (grass-8.84 mg kg-1) 

nor the limits for food products (potato-1.26 mg kg-1). Variations of As concentrations in the individual 

plant tissues usually corresponded with the variations of As concentration in soil (Bezvodová, 1996). 

 

1.2.2. Mineralogy of arsenic 

Arsenopyrite is the the most abundant primary mineral of As as well as the most abundant ore 

mineral at the Mokrsko gold deposit (e.g., Morávek, 1990). The total amount of sulphides is, however, 

low attaining from 0.X to 3 vol.% (Morávek, 1990). Zachariáš et al. (2008) distinguished three 

paragenetic types of arsenopyrite: (i) disseminated in host rock near quartz veinlets or microfractures, (ii) 

small (2-3 mm) individual grains, aggregates or intergrowth with pyrrhotite and chalcopyrite in quartz 

gangue, and (iii) massive polycrystalline aggregates (5-10 mm) in thicker quartz veinlets. They also found 

various zoning patterns/textures of As/S ratio in arsenopyrite; arsenic varied from 31.0 to 36.5 at.%. 

Minor to trace As-bearing minerals include pyrite, loellingite and ullmanite. Distribution of As in pyrite 
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has been studied by Malec (1990) and Mihaljevič et al. (2004). Contents of As in pyrite never exceeded 2 

wt.% (Malec, 1990). 

Mineralogical speciation of As in soil was studied by Filippi et al. (2004) and (2007). They 

concentrated heavy mineral fraction of soil using heavy liquid, and analysed it by combination of X-ray 

diffraction, Raman spectrometry, and scanning electron microscopy with energy- and wave-dispersive 

spectrometers. Arsenic-bearing Fe(III) oxyhydroxides, K(-Ba) pharmacosiderite, arseniosiderite, 

scorodite, and As-bearing jarosite were identified as a products of arsenopyrite and/or pyrite weathering. 

Arsenate minerals dominated in the soil above the granodiorite, while As-bearing goethite and minor 

hematite were observed in the soil above the volcanosedimentary rocks. 

 

1.2.3. Mobility of arsenic in soil 

Solid-phase partitioning and mobility of As in Mokrsko soil were investigated using a different 

schemes of sequential procedure including those developed to evaluate the behaviour of cationic species 

(in Poňavič, 2000) as well as that developed for anionic As (Wenzel et al., 2001). Poňavič (2000) 

compared sequential extraction schemes according to Borovec (1994), Breward et al. (1996), Miller 

(1986) and Tessier et al. (1979) in two natural soil samples from Mokrsko area and one experimental 

sample simulating mineralogical composition of foregoing natural soil samples. The most satisfactory 

schema of Borovec et al. (1994) gave comparable results to the schema developed for anionic As (Filippi 

et al., 2007; Sisr et al., 2007; Doušová et al., 2008). In all samples studied, the majority of As were 

bonded to reducible phases, while the contributions of mobile, specifically sorbed and residual As were 

almost negligible. The As bonds to well-crystallized Fe oxyhydroxides predominated, particularly in 

lower polluted soil profiles, which illustrated higher geochemical stability of As in samples with lower 

content of arsenate minerals (Filippi et al., 2007). Batch leaching experiments illustrated slightly 

increased mobility of As at pH≈7.0 in contrast to inhibiting effect of solution with higher ionic strength 

(Doušová et al., 2008). 

On the basis of equilibrium, kinetic and column leaching experiments, Sisr (2006) and Sisr et al. 

(2007) studied the effect of phosphate ions and the application of barnyard manure on the mobility of As 

in the arable soil layer from Mokrsko. The experimental results suggested low mobility of As from 

standpoint of soil solutions. Although the application of phosphate ion solution caused significant 

increase of As concentration in leachate, it did not exceed the range of relatively low values. 

Consequently, no significant effect of barnyard manure and/or phosphate ions at the concentrations 

corresponding to agricultural practises was demonstrated. 

 

1.2.4. Arsenic mobility during leaching experiments 

Release of As from the gold ore of Mokrsko during experimental simulation of weathering has been 

studied by batch experiments (Sisr, 1998) and column experiments (Průša, 2000). The results of both 

experiments are summarised and discussed in the article of Mihaljevič et al. (2004). Leaching 

experiments showed that (i) carbonate equilibrium controlled pH of the studied water-rock system at 
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slightly alkaline values, (ii) the precipitation of Fe oxyhydroxides efficiently removed As from the 

leaching solution and, (iii) more As released at higher temperature conditions. The rate of sulphide was 

directly proportional to the specific area of the solid sample. The agitated batch experiment displayed 

approximately an order of magnitude higher oxidation rates than those in the static column experiment. 

The authors implied the discrepancy to removal of protective layers of Fe oxyhydroxide from reaction 

surfaces of sulphides during batch experiments.  

 

1.3. Discussion and open questions 
The studies summarized in the section 1.2. provided many data and information on As distribution 

and behaviour in many environments at the Mokrsko gold deposit. These include (i) the extent of As 

contamination in bedrock and soil in the district, (ii) concentration of As in groundwater, (iii) detailed 

mineralogy of As related to its primary phases in bedrock as well as to As-bearing secondary phases in 

soil, (iv) chemical speciation of As in oxic soil and (v) leaching experiments of the gold ore. All these 

information contribute to the quantitative biogeochemical model of As. The contribution of the studies, 

however, did not fill the model completely yet, and also some controversial issues remain: 

 

• There is a lack of As analyses in different types of water, including groundwater, pore-

water and surface water, at different distances from the contamination source. Speciation 

analysis of As is completely lacking.  

• Chemical and solid phase speciation of As have been studied in the oxic soils, while this 

information is completely lacking from more reduced conditions.  

• Dissolved As concentrations may remain difficult to predict quantitatively under specific 

conditions at the study site because they are particularly controlled by the rates of 

dissolution and precipitation of secondary Ca-Fe arsenate minerals and their solubilities. 

The solubility products and other thermodynamic data of the arsenate minerals are lacking 

and at the same time they are a necessary pre-requisite for rigorous interpretations. 

• Interpretation of results from sequential extractions in terms of As binding to specific 

minerals usually suggested a certain controversy with real solid phase speciation of As in 

soil. The contraversy is usually related to the unknown solubility of the arsenate minerals 

again. 

• Although the results of the studies simulating ore weathering are very valuable in 

quantification of As environmental impact, the laboratory rates of sulphide weathering are 

very different with respect to those derived in the field (e.g., Malmström et al., 2000). 

Determination of the weathering rate from the field observation and its comparison with 

those determined in laboratory (Mihaljevič et al., 2004) is therefore potentially fruitful 

avenue for future research. 
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Abstract 
The soil and water at the Mokrsko-West gold deposit in Central Bohemia are naturally contaminated by As as a 
result of arsenopyrite weathering. In this study, the mineralogical and chemical speciation of As in soil, in stream 
and fishpond sediments and dissolved As concentrations in waters have been studied to determine the processes that 
lead to release of As into solution and control its concentration under different redox conditions. In soils, As is 
bonded mainly to secondary arseniosiderite, pharmacosiderite and Fe oxyhydroxides and, rarely, to scorodite; in 
sediments, As is bonded mainly to Fe oxyhydroxides and rarely to arsenate minerals. Iron oxyhydroxides contain 
variable levels of As from trace to about 16 wt% and Ca up to 3 wt%. The discovery of high positive correlation of 
Ca and As in Fe oxyhydroxides suggest the formation of Ca-As arsenate by coprecipitation in addition to simple As 
and Ca adsorption. The highest dissolved As was found in groundwater (up to 1141 μg L-1), which mostly 
represented a redox transition zone where both sulphide minerals and Fe oxyhydroxide are not stable. The main 
processes releasing dissolved As in this zone is reductive dissolution of Fe oxyhydroxides and arsenate minerals that 
has resulted in the considerable decrease of their amounts under the groundwater level. Some shallow subsurface 
environments with high organic matter around the gold deposit were characterized by highly reducing conditions 
that evidenced formation of Fe(II) sulphides with adsorbed and/or coprecipitated As. Dissolved As concentration in 
equilibrium with sulphide in the reducing condition was lower than those in transition zone and approaches approx. 
70-80 μg L-1. Under oxidative conditions of surface waters arsenate minerals were undersaturated and released As 
into the solution which was characterized by As concentration from 300 to 450 μg L-1 in the stream and fishpond 
waters. A general biogeochemical model for As derived from our field observations and analytical data shows 
complicated behaviour of As at the solid phase-solution interface in contaminated soils and sediments, affected by a 
number of biological and geochemical processes. 
 
Keywords: Arsenic; Mineralogy; Soil and sediment; Mobility; Biogeochemical model 
 

2.1. Introduction 
Arsenic contamination of natural waters and soils has become a major environmental concern due 

to the risks for human health and the environment (e.g., Oremland and Stolz, 2003; Duker et al., 2005). In 

natural systems, As exists essentially in four oxidation states (-III, 0, +III, and +V), as both inorganic and 

organometallic species. Most naturally occurring As is inorganic, where the relative proportions of As(V), 

and As(III) species are governed by three main environmental factors: the redox potential, the pH and the 

biological activity. Thermodynamically, the predominant forms of As under oxidizing conditions are the 

As(V) species (H2AsO4
-, HAsO4

2- and AsO4
3-), whereas the As(III) species (H3AsO3

0 and H2AsO3
-) 
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predominate in reducing environments (Cherry et al., 1979; Sadiq, 1997). However, several studies have 

shown that the concentrations of As(III) exceeded the As(V) concentrations under the permanently 

oxidized conditions of surface waters and soils, suggesting nonequilibrium thermodynamic conditions 

due to the slow oxidation kinetics of As(III) (e.g., Cullen and Reimer, 1989 and references therein; 

Bowell et al., 1994; Sohrin et al., 1997; Macur et al., 2001; Macur et al., 2004). Consequently, the 

distribution of As species is of considerable environmental concern, since As(III) is the most toxic species 

of As (Cullen and Reimer, 1989; Duker et al., 2005). 

Under most soil conditions, the solubility, mobility and bioavailability of As is mostly driven by 

adsorption-desorption processes involving Fe, Al, Mn oxyhydroxides, clay minerals, carbonates (under 

oxidizing conditions) and sulphide minerals (under reducing conditions) (Cullen and Reimer, 1989; 

Sadiq, 1997). In addition, the secondary arsenate minerals can control the solubility of As under 

conditions where the quantity of As exceeds the availability of surface ligand-binding sites and dissolved 

concentrations of arsenate and metal cations exceed the solubility product of the arsenate minerals. A 

series of secondary arsenate and arsenate-sulphate minerals have been identified under oxidizing 

conditions, including soils, mine tailings and former industrial sites (Magalhães 2002; Morin and Calas, 

2006). Scorodite is the most common arsenate found in the weathering environment of As-bearing 

sulphide deposits (Dove and Rimstidt, 1985). The subsequent interaction with solutions may cause a shift 

in the pH to neutrality, with precipitation of Ca, Mg and K-Ba arsenates such as arseniosiderite, 

haidingerite, hörnesite, pharmacolite, pharmacosiderite, picropharmacolite, weillite, etc. (Voight, et al., 

1996; Juillot et al., 1999; Morin et al., 2002; Filippi et al., 2004; Frau and Ardau, 2004; Paktunc et al., 

2004). These arsenate minerals are metastable under most natural conditions and their persistence in 

nature suggests that their solubility may control the concentration of As in waters. This finding is also in 

accordance with the few available solubility data on arsenate minerals (Dove and Rimstidt, 1985). 

The goal of the present study is to describe the mineralogical and geochemical processes 

controlling the release and/or sequestration of As under different redox conditions of mature soils and 

stream sediments containing secondary arsenate minerals and As-bearing Fe oxyhydroxides. To achieve 

this goal, we investigated the soil, stream and fishpond sediments at the Mokrsko-West gold deposit in 

the Czech Republic. We combined detailed mineralogical investigation of As-bearing phases with both 

geochemical observation of soil and sediments and study on chemistry of surface water, pore-water and 

groundwater. 

 

2.2. Geologic and environmental background 
The Mokrsko-West deposit (MWD) is unique amongst European Variscan gold deposits, both from 

the economic (gold reserves of about 100 t), and mining (unaffected by mining activities) points of view. 

The MWD is located in Central Bohemia, approximately 50 km south of Prague. Gold-bearing quartz 

veins and sheeted veinlets are the main types of mineralization in the deposit, which is developed both in 

the marginal part of the Variscan granodiorite belonging to the Central Bohemian pluton and in the low-

grade Neoproterozoic volcano-sedimentary rocks of the Jílové belt (Morávek et al., 1989).  
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Figure 1. Schematic map of the studied area with location of the sampling points. Waters: F-Mokrsko and Čelina 
streams, L-fishpond, GW-groundwater, SP-pore-water. Solids: M-weathering profile, S-stream and fishpond 
sediments. 

 

The MWD is characterized by low sulphide content (generally below 3 vol%), quartz-dominated 

gangue with minor calcite and silicate minerals (plagioclase, titanite and sparse amphibole, chlorite, 

biotite) and by a lack of extensive hydrothermal alterations. Arsenopyrite (FeAsS) is the dominant 

sulphide (Morávek et al., 1989) and its weathering flux corresponds to approximately 95% of the total 

input of As into the soil (Drahota et al., 2006). Arsenic also rarely occurs in löllingite (FeAs2), ullmannite 

(Ni(Sb,As)S) and as trace element in pyrite (FeS2) (0.X wt%) (Malec, 1990). During weathering, the 

minerals are oxidized and this produces a series of secondary arsenate minerals and As-bearing 

oxyhydroxides in soil, namely arseniosiderite [Ca2Fe3(AsO4)3O2·3(H2O)], ferrihydrite [Fe2O3·0.5(H2O)], 

goethite [FeO(OH)], pharmacosiderite [K,Ba,Ca)(Fe,Al)4(AsO4)3(OH)4-5·5-7(H2O)], and scorodite 

[FeAsO4·2(H2O)] (Filippi et al., 2004; Drahota and Pertold, 2005; Filippi et al., 2007). The large extent of 

As pollution around the MWD is indicated by levels of As in soil of >200 mg kg-1 over approx. 1.12 km2 

(Janatka and Morávek, 1990).  

The elevated As concentration in the ore and mobility of As also constitute a potential 

environmental hazard with groundwater leaching from saprolite and soils. High concentrations of As in 
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groundwater (255-1 690 μg L-1) and surface water (50-340 μg L-1) were frequently encountered in the 

shallow wells and stream running from north to south (Fig. 1), respectively (Jílek, 1985; Drahota and 

Pertold, 2005). The highest As concentrations were detected in the domestic wells of the Mokrsko village 

that were used as the drinking water supply until the symptoms of As-related peripheral vascular diseases 

were detected (Jílek, 1985).  

The soils in the area can be defined as cambisols and gley soil and have a thickness of between 1 

and 10 m, depending on the topography and drainage (Morávek, 1991). Annual precipitation for the past 

40 years has averaged 555 mm y-1, and the average temperatures in July rise to 17°C, falling to -3°C in 

January. Additional geologic and climatic informations are given in Drahota et al. (2006) and Filippi et al. 

(2007).  

 

2.3. Materials and methods 
2.3.1. Soil and sediment sampling and preparation 

Twenty-two soil samples were collected from three soil profiles (M1-M3) above the granodiorite 

(Fig. 1). Down hole (non-rotation) hammer-drilling equipment (Kobra, USA) was used to reach the 

depths of the relatively consolidated bedrock. The core sections were rapidly placed in a N2-filled sterile 

air- and water-proof polyethelene bags (<2 min) and then deaerated in the field for 5 min with a stream of 

N2. Sediment samples (S1, S2, S4) of the stream and one of the fishpond bottom (S7) were collected 

manually at a depth of 5 cm using a stainless steel trowel. 

All the solid samples were kept cool during transportation until processing in the laboratory. Within 

5 hours of collection in the field, the soil samples were split into several subsamples. Some of them were 

immediately used for determination of water-soluble As-species, pH and Eh measurements, some of them 

were dried, homogenised and sieved through a 2 mm sieve to determine the total concentration of 

elements, and the remaining subsamples were frozen for mineralogical investigation. The stream and 

fishpond samples were intended only for determination of the total element concentrations and 

mineralogical investigation.  

The solid subsamples for the mineralogical study were stored in a refrigator (4°C) until processing 

for analysis. Just before the mineralogical investigation, the subsamples were extruded from the bags onto 

a plastic sheet and were allowed to thaw and dry at room temperature (20-25°C). The soil and sediment 

samples were then gently ground with a wooden roller and sieved through 0.25 and 0.125 mm sieves.  

 

2.3.1.1. Geochemical and mineralogical analysis  

The temperature, pHH2O and Eh of the stream and fishpond sediments were measured in situ by 

directly applying electrodes into a sample using Schott-Geräte Handylab 2 meters. Soil pHH2O and Eh 

were measured within 8 h of sample collection using a 1:2.5 (w/v) ratio of untreated, homogenised solid-

water suspension after 1-hour agitation (Pansu and Gautheyrou, 2006). 
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The concentrations of SiO2, Al2O3, CaO, MgO, Na2O, K2O, P2O5, SO3, S-2,0, Mn, Fe, Ba and As in 

the <2 mm fraction of homogenised soils and sediments were measured using X-ray fluorescence (XRF, 

ARL 9400 XP+) spectroscopy with a UniquantTM 4 analysis program (UNIQUANT 4, 1999) at Central 

Laboratories of Institute of Chemical Technology, Prague. XRF Uniquant is a semi-quantitative method 

and the associated errors were estimated to be ±0.2 wt% for SiO2, ±0.1 wt% for other major constituent 

oxides and ±0.01 wt% for minor elements.  

In order to characterize As-bearing minerals in the soils and sediments, heavy-mineral separation 

was performed in the 0.25-0.125 mm fraction (according to Filippi et al., 2007) of 15 samples 

representing both stream (S1, S2, S4) and fishpond (S7) sediments and the samples from soil profiles. 

The soil samples (n=11) were selected according to the pedological and geochemical variations (e.g., the 

total As concentration in the soil, redox potential) along the soil profiles to take into account possible 

variations in the mineralogy of As-bearing phases. The rough quantitative estimate of As-bearing phases 

(including Fe oxyhydroxides) in the bulk sample was carried out by hand separation of the minerals from 

the heavy-mineral fraction. Heavy-minerals were mounted on glass slides using polyester resin and thin 

sections were produced. 

The polished thin sections of the heavy-mineral fraction were examined by scanning electron 

microscopy (SEM), and electron microprobe analysis (EMPA). The EMPA was conducted using a 

Cameca SX 100 microprobe equipped with four wavelength dispersion spectrometers (WDS) operating at 

15 kV and 10 nA with a 2 μm beam resolution and counting 10 s per element. Raw data corrections for 

the atomic number, absorption and fluorescence effects (ZAF) were applied.  

The X-ray diffraction analyses (XRD) of separated mineral phases from pre-concentrated samples 

were carried out using a PANalytical X`Pert Pro diffractometer equipped with a diffracted-beam 

monochromator and X`Celerator multichannel detector. The analyses were performed under the following 

conditions: CuKα radiation, 40 kV, 30 mA, step scanning at 0.02°/250 s in the range 3-80° 2θ. 

Qualitative analysis was performed with X`Pert HighScore software 1.0d, equipped with the JCPDS 

PDF-2 database (ICDD, 2002). 

 

2.3.1.2. Single extraction procedure 

We determined the water-soluble fraction of As(III), As(V) and some metals in 22 untreated soil 

samples. The samples were always studied within 12 hours after collection. Prior to the extraction 

procedure, the solutions were deaerated with a stream of N2 again. Untreated and homogenised samples 

were submitted to ammonium oxalate extraction analysis in order to assess the degree of affinity of As for 

poorly crystalline Fe oxyhydroxides in soils and sediments. 

The single extraction schemes used were employed, as follows: 

• Water-soluble As inorganic species: 10 g of sample were shaken at 20 rev. min-1 in 100 mL 

of deionised water (MilliQ+) for 1 h (adapted from Montperrus et al., 2002 and Fernández 

et al., 2005).  
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• Oxalate-extractable As: 2 g sample were shaken in the dark at 20 rev. min-1 in 100 mL of 

0.2 M ammonium oxalate adjusted to pH 3 with 0.2 M oxalic acid for 2 h (e.g., Keon et al., 

2001).  

All the extractions were performed in acid-washed 100 mL HDPE centrifuge bottles. After shaking 

on a horizontal shaker, the solutions were centrifuged at 3 000 rpm for 10 min. Decanted supernatants 

were treated and analysed by the same procedure as the water samples (see section 3.2). A procedural 

blank was run for each extraction. The standard deviation for the second replicate of 5 randomly selected 

soil and sediment samples was less than 10% of the individual single extraction. 

 

2.3.2. Water sampling and analysis 

Water sampling was carried out in October 2005. Surface water samples were collected in 

duplicates from the Mokrsko and Čelina streams at sites F1 to F6 and at the shallow fishpond (L1-L4) 

close to the Mokrsko village (Fig. 1). In fishpond, both the surface water (L1 and L3 samples) and the 

bottom water (L2 and L4 samples) were sampled. Groundwater samples were collected in duplicates from 

5 selected well sites (GW1-GW5) close to the Mokrsko village (Fig. 1). Groundwater was taken at 

shallow depths (0.5-6 m) by a battery-driven pump at flow rates that did not exceed 500 mL min-1. Pore-

water samples of saturated stream (SP1, SP2, SP3, and SP4) and fishpond sediments (SP7) were extracted 

by their compressing in the field (S1-S7). Waters samples were filtered in situ through 0.1 μm Millipore® 

membrane filters into HDPE bottles, and those destinated for major cation and trace element analyses 

were adjusted to pH<2 with HNO3 (Merck, Suprapur). Samples for As redox species determination were 

filtered in situ through 0.1 μm filters into 100 mL opaque HDPE bottles, acidified to pH<2 with HCl 

(Merck, Suprapur), deaerated with N2, and sealed in the field with N2-filled gas-tight bags. Samples 

analysed for dissolved organic carbon (DOC) and anions were filtered through 0.45 μm cellulose nitrate 

membrane filters into glass vials and HDPE bottles, respectively and left unpreserved. All water samples 

were kept cool (4°C) in an isothermal container during transportation and stored in a refrigerator until 

processing for analysis. The temperature, pH, Eh and specific conductivity were measured in the field 

with calibrated portable meters (Schott-Geräte Handylab 2) using a flow-through cell. Sensors were 

calibrated prior to deployment by a NIST-traceable calibration buffer (Hamilton Duracal). The accuracy 

of the pH, Eh, and specific conductivity measurements was ±0.01 std. pH unit, ±0.5 mV, and ±0.001 mS 

cm-1, respectively. 

The total dissolved As species (As(T)) and As(III)) were measured using hydride generation atomic 

absorption spectrometry (HG-AAS) under the conditions described by Dedina and Tsalev (1995). The 

arsenic(V) content was determined as the difference: cAs(V)=cAs(T)–cAs(III). All the measurements were 

carried out on SpectrAA 300 instrument (Varian, Australia) with deuterium background correction (As 

Super Lamp (Photron, Australia). Major cations were analysed by ICP-OES (IRIS Intrepid II XPS, USA). 

Quality control was ensured by inserting a QC sample into the analytical run after each ten samples. Field 

and laboratory duplicates indicate a relatively high degree of reproducibility (<10%). Trace elements 

were determined by ICP-MS (VG Elemental PQ 3, UK). The measured concentrations of trace elements 
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in the certified and synthetic standard (NIST 1640, 1643d) were within ±5% of their certified values. 

Dissolved organic carbon (DOC) was analysed within 3 days on a Skalar FormacsHT TOC/TN analyser. 

Anions (SO4, Cl, NO3) were analysed by ion chromatography (HPLC, columns Tessek HEMA-S1000 Q-

L 10 mm), F using an ion selective (ISE) analyser; NH4 was analysed spectrophotometrically using a 

Perkin-Elmer (Lambda 10, USA) analyser; the alkalinity was determined by titration (Metrohm, 

Switzerland) with 0.01 M H2SO4. The relative error of these analytical determinations was always <10%. 

The detection limits for the analysed elements are listed in Table 1. 

Version 6.2 of PHREEQC geochemical code (Parkhurst and Apello, 1999) with the included 

WATEQ4F database (Ball and Nordstrom, 1991) was used for the thermodynamic calculations in order 

(i) to speciate the waters and (ii) to determine the saturation indices (S.I.) of the waters in relation to the 

mineral phases. The WATEQ4F database was enlarged with data from the MINTEQ.V4 database for the 

solubility of ferrihydrite, and with data from Bigham et al. (1996) for the solubility of schwertmannite. 

 
2.4. Results 
2.4.1. Soil profiles 

The sampling sites of three soil profiles were selected with the increasing distances from the 

primary ore mineralization. They follow the assumed groundwater flow from the primary ore 

mineralization in the east (characterized by soil profile M1) to the gaining stream in the west 

(characterized by soil profile M3) (Fig. 1). They include soil profile M2, which characterizes the 

relatively flat area in the surrounding of Mokrsko village. The studied soil samples were classified as 

slightly acidic brown soil (Cambisol) (FAO, 1998) developed on granodiorite (for soil characteristics of 

the MWD see Filippi et al., 2004 and 2007). Clayey-silt horizons were found only in the M3 profile and 

correspond to gley soil. XRD of the several untreated soil samples reveals the predominant soil 

mineralogy as quartz, plagioclase, orthoclase, biotite, and amphibole. The clay fraction contained mostly 

kaolinite, vermiculite, chlorite, and mixed layered illite-smectite. 

 

2.4.1.1. Chemical composition of soils 

The results of the geochemical analysis of samples in the studied profile are summarized in Figure 

2. The redox potentials in the profiles indicate oxidizing conditions except for profile M3, in which there 

is a substantial decrease in the redox potential under the groundwater level. The soils are usually neutral 

(pH 6.6–7.5) and acidic only in the surface layer (pH 5.1–6.3), caused by the presence of organic acids. 

The distribution of total As is highly variable. In the M1 profile, the highest As concentration is at the 

base of the profile (5 690 mg kg-1), in the M2 profile in its centre (1 600 mg kg-1) and in the M3 profile 

just below the groundwater level (4 080 mg kg-1). The total S-2,0 is always below the detection limit 

(DL=10 mg kg-1) and the SO3 is elevated up to 720 mg kg-1 only in the surface soil layer, caused by 

atmospheric deposition and/or by the combination of capillary rise and high evaporation in the surface. 

The total As in all the profiles exhibits medium correlation with the total Fe (R2=0.73, p=0.0002); 

changes in the correlations between the individual profiles are minimal with a deviation up to 5%. 
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Table 1. The main physico-chemical characteristics of the water from the Mokrsko stream (F1-F4), the Čelina stream upstream (F6) and downstream (F5) from the confluence, the 
fishpond (L1-L4), the groundwater (GW1-GW5) and the pore-water of sediment (SP1-SP7). 
 

Sampling 
 point Field parameters   Major cations (mg L-1)   Major anions (mg L-1)   Minor and trace elements (μg L-1)   As species (μg L-1)     mg L-1 

 pH Eh E.C. T  Na K Ca Mg NH4  HCO3 SO4 NO3 Cl  PO4 F  Fe Mn Al Ba Cd Cu Pb Zn Mo Sb  As(III) As(V) As(tot) As(III)/As(V)  DOC 

DL   mV mS cm-1 °C   0.001 0.01 0,0001 0.0001 0.02   0.5 0.5 0.3 0.15 0.01 0.02   0.6 0.6 0.4 0.01 0.01 0.05 0.05 0.1 0.05 0.01   1   1.9     0.5 

F1 7.65 250 622 7.9 14.34 4.25 85.58 18.81 0.07 109.8 141.9 66.9 40.87 0.06 0.22 18.1 173.5 <DL 53.17 0.03 0.66 0.06 1.7 1.34 2.13 47 402 449 0.12  2.5 

F2 7.85 137 703 7.5 15.03 3.98 86.18 18.94 <DL 103.7 133.9 64.0 40.68 0.06 0.22 13.0 163.1 <DL 53.91 0.06 0.70 0.07 1.7 1.24 1.94 346 75 421 4.61  3.3 

F3 7.62 149 590 6.0 15.88 4.94 75.54 16.29 <DL 152.6 87.7 23.4 35.63 0.23 0.24 16.5 29.2 <DL 70.23 0.02 0.73 0.09 16.5 1.29 0.87 297 13 310 22.85  4.5 

F4 7.85 187 879 7.2 16.08 3.48 114.20 22.71 <DL 152.6 106.7 137.9 55.10 0.06 0.14 7.0 4.9 <DL 93.21 0.02 0.63 0.10 2.0 0.76 0.39 41 16 57 2.56  2.4 

F5 8.23 181 700 5.6 19.56 6.66 82.75 18.29 <DL 143.4 110.7 41.7 48.27 0.28 0.13 34.0 18.2 <DL 63.21 0.02 1.01 0.11 32.5 1.31 0.35 2 30 32 0.07  4.2 

F6 8.21 168 698 5.7 17.14 6.72 91.55 19.10 <DL 143.4 109.7 40.5 47.21 0.23 0.14 18.7 17.4 <DL 63.72 0.02 1.03 0.12 35.9 1.30 0.35 0 10 10 0.00  3.4 
          

L1 9.76 117 508 6.5 16.66 6.65 65.76 18.89 0.16 109.8 109.5 2.3 39.66 0.07 0.24 4.8 11.5 <DL 47.52 <DL 0.77 0.08 2.0 0.99 1.73 360 6 367 60.00  12.6 

L2 9.64 112 520 5.7 16.12 6.57 64.93 18.75 0.02 109.8 104.0 0.9 38.39 0.05 0.22 <DL 12.9 <DL 47.19 0.02 0.93 0.10 2.7 0.89 1.75 284 13 297 21.85  14.0 

L3 9.66 106 509 6.5 16.38 6.67 65.63 19.06 <DL 106.8 103.1 <DL 37.08 0.06 0.21 <DL 10.5 <DL 48.02 <DL 1.25 0.10 3.8 1.02 1.80 337 21 358 16.05  10.1 

L4 9.56 103 518 5.9 16.65 6.65 65.72 18.69 0.04 106.8 102.7 <DL 36.95 0.07 0.22 <DL 10.4 <DL 47.25 0.01 0.79 0.14 23.6 0,96 1.69 405 3 408 135.00  16.4 
          

GW1 7.52 223 575 9.9 9.34 1.85 54.46 12.04 <DL 94.6 93.3 85.8 20.10 0.04 0.22 <DL 17.2 <DL 36.10 0.01 0.54 <DL 32.0 0.91 0.63 89 45 134 1.98  2.5 

GW2 7.70 182 655 9.9 13.80 0.94 99.43 18.32 <DL 112.9 96.8 94.5 36.41 0.13 0.27 4.4 27.3 <DL 61.51 0.02 0.87 0.08 126.6 0.23 0.22 20 51 72 0.39  1.8 

GW3 6.83 186 670 11.0 20.56 2.63 85.26 17.46 <DL 161.7 90.6 44.2 41.46 0.17 0.19 <DL 856.8 <DL 93.74 0.05 1.37 <DL 19.9 0.53 0.45 316 103 419 3.07  4.0 

GW4 6.76 183 616 11.8 16.58 3.05 86.41 13.61 <DL 106.8 100.7 72.9 26.44 0.20 0.67 15.4 8.2 <DL 32.34 0.02 1.03 0.16 6.5 2.38 1.85 604 537 1141 1.12  2.1 

GW5 6.85 69 575 10.1 15.00 2.93 92.43 15.73 0.04 201.4 69.1 3.9 44.89 0.14 0.27 <DL 1949.0 <DL 86.76 0.04 1.16 0.35 86.2 1.48 0.36 69 83 152 0.83  2.6 
          

SP1 7.14 232 665 7.5 16.96 5.57 105.70 19.68 <DL 122.0 127.2 62.3 46.37 0.67 0.20 8.0 1156.0 <DL 105.10 0.27 1.56 0.09 416.9 1.60 3.14 18 131 149 0.14  ND 

SP2 6.93 -178 617 7.7 15.37 5.49 102.20 17.49 6.27 347.8 60.0 5.2 40.44 1.29 0.29 1579.0 35250.0 <DL 343.70 0.19 1.79 0.26 5.4 2.60 5.52 61 21 83 2.90  ND 

SP3 6.86 -173 623 7.8 16.03 4.97 98.75 16.39 7.45 338.7 49.8 4.6 38.74 1.33 0.28 1485.0 28865.0 <DL 329.64 0.21 1.83 0.29 6.7 2.41 4.89 54 14 68 3.86  ND 

SP4 7.31 270 868 7.6 16.93 3.48 126.00 13.62 0.11 146.4 114.0 136.7 54.91 0.61 0.17 <DL 5.3 <DL 83.44 0.02 0.94 0.25 2.7 0.95 0.39 16 33 49 0.48  ND 

SP7 8.44 -119 487 8.1  15.90 6.22 58.93 16.33 0.44  97.6 110.5 <DL 39.08 0.47 0.27  89.2 27.3 42.0 58.74 <DL 0.90 0.18 4.5 0.98 1.89  235 65 300 3.62   ND 
 

DL=detection limit; ND=not determined 
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The oxalate-extractable Fe fraction of the total soil Fe increases smoothly in the oxidation 

environments of M2 and M3 profiles towards the surface (Fig. 2E) and corresponds to up to 17.6% in the 

M3 profile. The As and Fe in this extraction are not correlated (R2=0.39, p=0.14), similar to the As 

extraction and the extractions of Mn and Al; nonetheless, the bonding of As to weakly crystalline 

oxyhydroxides is significant, as the oxalate-extractable As fraction of the total soil As correspond to 8.1–

79.9%. There is strong increase of As bonded in this way, ranging from 28.2 to 79.9% in the surface soil 

layer, especially above the groundwater level of profile M3 (Fig. 2E). 

 

 
 
Figure 2. Depth variations in the distribution of the physico-chemical parameters in the soil profiles: (A) pH (black 
circle) and Eh (open square); (B) concentrations of water-soluble As(III) (black circle) and As(V) (open circle); (C) 
water-soluble (black circle), oxalate-extractable (open square), and total As concentrations (grey field); (D) water-
soluble (black circle), oxalate-extractable (open square), and total Fe concentrations (grey field); (E) fractions of As 
(open square) and Fe (black circle) of the total soil As and Fe, respectively bound to oxalate extractions. Water-
soluble concentrations are given in μg L-1; oxalate-extractable concentrations are given in mg kg-1; the total contents 
are given in mg kg-1. 
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Water-soluble As forms a maximum of 0.57% of total As. Its distribution in profiles M1 and M2 is 

not correlated with the total amount of As, while this correlation is high in profile M3 under the 

groundwater level (R2=0.91, p=0.004). It thus follows that the concentration of water-soluble As is 

controlled by the total As content only under the groundwater level. Water-soluble As(III) predominates 

over As(V) in profile M1 and under the groundwater level of profile M3, while As(V) predominates in 

profile M2 and above the groundwater level in M3.  

 

2.4.1.2. Mineralogical characteristics of arsenic in soil 

Through a combination of the XRD and EMPA methods, the presence of pharmacosiderite [Ba(1-

n),Can)(Fe4-mAlm)(AsO4)3(OH)5·5H2O], arseniosiderite, scorodite and As-bearing Fe oxyhydroxides, 

specifically goethite and hematite [Fe2O3] were determined in the heavy-mineral fraction of the soil. Their 

chemical composition is variable (Fig. 3) and frequently differs from the ideal structural formula, with the 

exception of scorodite. Pharmacosiderite frequently contains an elevated amount of Ca (maximally 5.0 

wt%) at the expense of Ba, and also a slightly elevated Al content (maximum of 3.3 wt%) at the expense 

of Fe. Arseniosiderite and rare scorodite have quite stable chemical compositions (Fig. 3). Iron 

oxyhydroxides contain up to 16.0 wt% As and frequently also have elevated Ca contents (maximally 3.0 

wt%). 

The distribution of As minerals is variable in the soil profiles and is mostly related to the variations 

of the total As content (Figs. 2C and 4). Semi-quantitative calculations indicate that As minerals form up 

to 0.64 wt% in the 0.125-0.25 mm grain-size fraction. The distribution of the individual As-bearing 

mineral phases in the profiles also differs, and two general trends can be seen (Fig. 4): (i) the amount of 

arseniosiderite increases upwards in the soil profile at the expense of pharmacosiderite and (ii) there is an 

elevated content of Fe oxyhydroxides at the expense of arsenate minerals at the highest parts of the soil 

profiles 

 

 
 
Figure 3. Ternary diagram of the composition of secondary arsenate minerals and Fe oxyhydroxides in soil profiles 
and sediments. The dashed lines with numbers are the Ca/As molar ratios. Mineral identifications are based on 
electron microprobe analysis. 
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Figure 4. XRD powder patterns from the heavy-minerals of the 0.25-0.125 mm fraction in soil profiles M1-M3 and 
stream (S1 and S4) and fishpond sediments (S7). Abbreviations: Ars-arseniosiderite, G-goethite, H-hematite, Ph-
pharmacosiderite. Unmarked Bragg reflexions correspond mainly to amphibole, biotite and quartz. The weighted 
fractions of the separated minerals in the bulk samples are given on the left (grey area). 
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2.4.2. Stream and fishpond sediments 

2.4.2.1. Chemical composition of sediments 

The physico-chemical parameters of the sediments are characterised by the parameters of their 

pore-water (samples SP in Table 1). From this, it follows that the stream sediments are almost neutral (pH 

6.86–7.31), while the fishpond sediments are more basic (pH 8.44±0.44, n=3). The redox potentials of 

sandy samples S1 and S4 are slightly oxidative (232 and 270 mV) while those of clay-muddy samples S2, 

and S7 are highly reducing (-178 and -119 mV), caused mainly by the high organic matter. The total As 

in the sediments reflects the distance of the sampling site from the primary deposit; stream samples S1, 

S2 and S4 contain 1 154±137, 1 193±137 and 139±48 mg kg-1 As, respectively. The total As in the 

fishpond bottom sediments is much lower (58±28 mg kg-1), probably caused by human intervention in the 

form of irregular cleaning of the bottom. A high S-2,0 (3 290±290 and 1 430±190 mg kg-1) was found in 

reducing samples S2 and S7; conversely, S-2,0 and SO3 was below the detection limit in the oxidative S1 

and S4 samples. The total As in sediments highly correlates with the total Fe (R2=0.89, p=0.11), 

indicating a closer association of As with Fe than in the soils. 

The As and Fe in the oxalate extraction are medium-correlated (R2=0.75, p=0.25). Consequently, 

the As bonding to weakly crystalline Fe oxyhydroxides seems obvious and corresponds to a fraction of 

between 41–49% of the total As. The oxalate-extractable S is highly correlated with the amount of 

oxalate-extractable Fe (R2=0.96, p=0.036) and is also highly correlated with the total S (R2=0.99, 

p=0.0055).  

The As in the pore-waters is not correlated with the total As or with the As extractable in the 

oxalate. While the pore-water As is always lower than that in the related surface water, the concentrations 

of the other elements are usually similar. Considerable differences were found only between pore-water 

of SP2, SP3 and related surface water sample F2 (Table 1), which is manifested in elevated 

concentrations of bicarbonate, in the high NH4/NO3 ratio and in the low sulphate concentration in the 

pore-water. 

 

2.4.2.2. Mineralogical characteristics of arsenic in sediments 

The XRD results in the heavy-mineral fractions of sediments indicate the presence of goethite and 

hematite (Fig. 4) with the exception of reducing sample S2, where the Fe oxyhydroxides were not 

detected. Goethite completely predominates over hematite in the stream samples S1 and S4, while they 

are roughly equal in the fishpond bottom sediment S7 (Fig. 4). A high As (up to 9.3 wt%) and the related 

Ca (up to 1.7 wt%) were confirmed in some of these Fe oxyhydroxides by the EMPA, similar to their 

contents in Fe oxyhydroxides in soils. However, most Fe oxyhydroxides contain substantially smaller 

amounts of As than Fe oxyhydroxides in the soil samples, usually around 1 wt%. EMPA also very rarely 

indicated the presence of pharmacosiderite, arseniosiderite and clay minerals, containing max. 1.3 wt% 

As. 
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2.4.3. Water chemistry 

The complete physico-chemical characteristics of the water samples are presented in Table 1. All 

the waters are circumneutral to slightly alkaline. The Mokrsko stream water samples (samples F1-F4) had 

pH values in the range between 7.62 and 7.85. Downstream from the confluence with the Čelina stream, 

the pH increases up to 8.23 (sample F5). The pH in the fishpond water and groundwater varied in the 

ranges 9.56-9.76 and 6.76-7.52, respectively. The Eh values of the stream waters ranged between 149 and 

250 mV. The fishpond water had lower Eh between 103 and 117 mV regardless of the sampling depth (2-

25 cm); the Eh of the groundwater varied more significantly from 69 to 223 mV. The DOC 

concentrations were low in the stream waters (2.47-4.53 mg L-1) and groundwater samples (1.78-3.96 mg 

L-1), but higher in the fishpond (10.08-16.39 mg L-1).  

Major element chemistry was dominated by Ca (54.5-114.2 mg L-1) and HCO3 (94.6-201.4 mg L-1). 

Additional major anions in the stream waters, SO4, NO3, and Cl, were recorded at concentrations of 87.7-

141.9, 40.5-137.9, and 35.6-55.1 mg L-1, respectively. Intensive agricultural activity in this area has 

probably resulted in NO3 concentrations in water that often exceed drinking water standards (>50 mg L-1). 

The concentrations of Fe, Mn and Al were very low with Mn generally exceeding Fe; the concentration of 

Fe in the groundwater and fishpond water was always close to or below the detection limit (DL=0.6 μg L-

1) and the concentrations of Al were below its detection limit (DL=0.4 μg L-1) in all the samples studied. 

The concentrations of Cd, Cu, Pb, Zn, Mo and Sb are usually low in all types of MWD water (Table 1). 

 

2.4.3.1. Arsenic in the aqueous phase 

The As concentration decreases from 449 μg L-1 (F1) to 32 μg L-1 (F5) in the direction downstream 

from the MWD ore mineralization after the confluence with the Čelina stream, whose As concentration 

(F6) represents the reference background value for stream water in the area. Arsenic(V) predominates in 

sample F1, which has highly oxidative character, while As(III) predominates in other stream samples with 

a lower redox potential. The highest As(III)/As(V) ratio was found in sample F3, which was taken under 

the fishpond in the muddy area with high organic matter. Arsenic(III) then predominates until the 

confluence with the Čelina stream, in which As(III) was not detected. The As concentration in fishpond 

varied from 297 to 408 μg L-1 with the striking predominance of As(III) (As(III)/As(V)>16). 

The As concentration in the groundwater is in range from 72 to 1 141 μg L-1. Higher As 

concentrations were found in deeper wells GW3∼1.9 m and GW4∼5.6 m with values of 419 and of 1 141 

μg L-1, respectively, in the close vicinity of the village, which were used as drinking water supply in the 

past. Lower As concentrations (72-152 μg L-1) were found in shallow reclamation wells of subsurface 

drainage (GW1, GW2 and GW5), whose depth never exceeded 0.6 m. Similar to the total dissolved As 

concentration, the distribution of As(III) and As(V) is also variable and the As(III)/As(V) ratio attains 

values from 0.3 to 2.0. Arsenic(III) generally predominates in deeper wells, but its distribution is best 

related to the DOC concentration, as there is a high correlation between As(III)/As(V) and DOC 
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(R2=0.90, p=0.038) in groundwater. Similarly high correlation (R2=0.82, p<0.0002) between 

As(III)/As(V) and DOC was recorded for all MWD water samples. 

 

2.4.3.2. Speciation calculations 

Table 2 gives the results of the PHREEQC thermodynamic modelling for selected water samples. 

The measured redox potential is systematically much higher than the potential calculated from the 

As(III)/As(V) pair and substantially lower than the potential calculated from the NH4(I)/NO3(-1) pair.  
 

Table 2. Calculated As aqueous species, redox potentials of the As(III)/As(V) and NH4(I)/NO3(-I) couples, and the 
saturation indices (S.I.) for selected samples of the Mokrsko stream (F1, F2), the fishpond (L1), the groundwater 
(GW2-GW5) and the sediment pore-water (SP1-SP7). 
 

    F1 F2 L1 GW2 GW4 GW5 SP1 SP2 SP7 
As(V) (mg L-1) 402 75 6 51 537 83 131 21 65

 AsO4
3- 0.02 0.01 1.23 0.00 0.00 0.00 0.00 0.00 0.00

 HAsO4
2- 79.42 75.35 98.56 81.42 33.29 37.93 54.66 42.82 95.78

 H2AsO4
- 20.57 24.64 0.21 18.58 66.71 62.09 45.35 57.18 4.15

As(III) (mg L-1) 47 346 360 20 604 69 18 61 235

 AsS(SH)(OH)- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 75.17 0.00

 H2AsO3
- 1.75 1.37 68.19 2.13 0.27 0.54 0.54 0.08 9.91

 H3AsO3
0 98.25 98.64 31.81 97.87 99.74 99.70 99.7 24.76 90.09

Eh (mV) field 250 137 117 182 183 69 232 -178 -119
 As(III)/As(V) -4.6 -28.5 -285.0 -19.9 58.2 56.7 55.4 55.3 -122
  NH4(I)/NO3(-I) 492.5 – 217.9 – – 416.2 – 401.3 –
S.I. Calcite -0.2 -0.3 1.6 0.0 -1.1 -0.7 -0.6 -0.4 0.5

 Schwertmannite 17.2 0.8 8.4 6.3 -8.8 – 2.8 -39.7 -7.9
 Ferrihydrite 2.7 0.6 2.1 1.5 -0.5 – 0.8 -4.5 -0.2

 Goethite 7.1 5.0 6.4 5.8 3.8 – 5.1 -0.2 4.1
 Hematite 16.0 11.8 14.8 13.5 9.5 – 12.2 1.5 10.2

 Scorodite -5.7 -8.4 -12.3 -8.0 -7.6 – -8.4 -13.1 -10.9

 Arsenolite -10.7 -9.0 -9.9 -11.5 -8.6 -10.4 -6.0 -11.7 -9.4

 Ca3(AsO4)2·4H2O -9.2 -10.9 -8.9 -10.6 -11.3 -12.6 -11.3 -13.5 -9.5

 Realgar -73.9 -54.6 -76.2 -65.1 -53.9 -38.2 -65.9 -1.5 -25.8
 Orpiment -194.7 -143.8 -202.4 -171.1 -141.5 -99.1 -172.8 -1.1 -67.4
 Gregite -241.8 -180.5 -254.9 -211.9 -181.4 – -216.5 3.9 -77.1
 Mackinawite -64.2 -47.9 -67.5 -56.3 -48.5 – -57.8 1.4 -19.7
  Pyrite -103.2 -74.6 -109.7 -89.3 -74.5 – -90.9 11.3 -27.6

 

Thermodynamic calculations have shown that As(V) occurs in the form of HAsO4
2- (33.3-98.9%), 

less as H2AsO4
- (0.2-66.7%) and only occasionally as AsO4

3- (maximum 1.3%). Arsenic(III) is stable 

mostly in the form of H3AsO3
0 (24.8-99.7%) and H2AsO3

- (up to 68.2%) can predominate only in the 

alkaline waters of the fishpond. The highly reducing sample of pore-water SP2 and SP3 was an exception, 

in which 65.4% and 75.2% of the dissolved As(III), respectively, consisted of the dithioarsenite complex 

(AsS(SH)(OH)-). 
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Under subsurface conditions, calcite is generally slightly undersaturated (-1.1<SI<0.0), while it is 

usually saturated on the surface (-0.3<SI<1.9). The waters are mostly highly supersaturated with respect 

to crystalline Fe oxyhydroxides, specifically goethite (SI>3.8) and hematite (SI>9.5). Under oxidizing 

conditions, less crystalline ferrihydrite and schwertmannite are usually also highly saturated (Table 2). 

Arsenate minerals (scorodite, Ca-arsenate) are always highly undersaturated. In the reducing environment 

of the stream sediment SP2, the calculations indicate supersaturation with respect to Fe sulphides (pyrite, 

greigite, mackinawite) and As(III) sulphides are relatively close to saturation (-1.5<SI<-1.1). 

 

2.5. Discussion 
2.5.1. Arsenic-bearing solid-phase precipitation and transformation – implications for As 
mobility 

Arsenopyrite was found very rarely as small relicts replaced by secondary arsenate minerals and Fe 

oxyhydroxides in a mineralized saprolite (Filippi et al., 2004) near the profile M1. The preservation of 

arsenopyrite under oxidation conditions was caused by a protective layer of the above-mentioned 

secondary minerals, which reduce the rate of oxidation of sulphidic S and As in the arsenopyrite (Walker 

et al., 2006). In the pH range from 4 to 10, decomposition of arsenopyrite occurs according to equation 1: 

FeAsS + 7H2O ↔ Fe2+(aq) + H3AsO3(aq) + 11H+ + 11e- + SO4
2-                                                              (1) 

Exact speciation of As(III) depends on the pH; nonetheless, H3AsO3 is stable in a broad range of 

groundwater pH values (pKa=9.23; Nordstrom and Archer, 2003).  

Arsenic(III) and Fe(II) oxidize in accordance with equations 2, 3 and 4 (the products of reactions 

result from the thermodynamic speciation of the groundwaters; see Table 2). 

H3AsO3 + H2O ↔ HAsO4
2- + 4H+ + 2e-                                                                                                      (2) 

H3AsO3 + H2O ↔ H2AsO4
- + 3H+ + 2e-                                                                                                      (3) 

Fe2+ + 3H2O ↔ Fe(OH)3(aq) + 3H+ + e-                                                                                                     (4) 

Scorodite, pharmacosiderite and arseniosiderite are formed under oxidizing conditions with high 

activity of dissolved As(V) (Sadiq, 1997; Magalhães, 2002). These conditions probably occurred at 

MWD mainly in the oxidation zone of saprolite with arsenopyrite mineralization. Because of the low 

filtration coefficient of the saprolite (10-7–10-10 m s-1 according to Morávek, 1991), characterizing very 

slow groundwater flow, a high concentration gradient of dissolved As(V) can occur in the immediate 

vicinity of the weathered arsenopyrite. Under the initial conditions of oxidation of arsenopyrite, where the 

pH of the solution decreases below 3 because of oxidation of dissolved Fe(II) (equation 4) and As(III) 

(equations 2, 3), scorodite is formed according to equation 5 (Krause and Ettel, 1989): 

H2AsO4
- + Fe3+ + 2H2O → FeAsO4·2H2O(s) + 2H+                                                                                   (5) 

The released acidity is neutralised by weathering processes of calcite and aluminosilicates (Drahota 

and Pertold, 2005), which release alkalinity and cations into the solution and ion-exchange complex. At 

increased activity of the basic cations in solution, pharmacosiderite is formed (equation 6), which 

frequently replaces arsenopyrite crystals (Filippi et al., 2007) or can form cubic crystals of Ba-

pharmacosiderite (Fig. 5A).  
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3H2AsO4
- + (1-n)Ba2+ + nCa2+ + 4Fe(OH)3(aq) ↔ (Ba(1-n),Can)Fe4(AsO4)3(OH)5·5(H2O) + H2O + OH-  (6) 

It follows from equation 6 that precipitation of pharmacosiderite can also buffer the acidity of the 

solution from which it is formed. The chemical variability of pharmacosiderite, which, in MWD, 

represents a solid solution close to the Ba and K end members with variable Ca content (Fig. 3), can be 

explained by various compositions of the solutions from which it was formed (Yi and Lairen, 1991) or 

later ion exchange with the solutions (Mutter et al., 1984; Morin et al., 2002).  

Arseniosiderite has a higher Ca/Fe molar coefficient (molar ratio 1/2) than Ca-pharmacosiderite 

with Ca in the mineral structure (molar ratio 1/5) and it is thus probable that it was formed in a solution 

with very high Ca ion activity (Swash and Monhemius, 1995). The Ca source in solution corresponds 

mostly to dissolution of calcite, which buffers the pH of the solution at about 6–8 (Table 1) and thus the 

formation of arseniosiderite can be assumed at a much higher pH than that for pharmacosiderite. 

Arseniosiderite frequently forms discrete leaf-like aggregates (Fig. 5D), which could be formed by direct 

precipitation from solution (equation 7). 

3H2AsO4
- + 2Ca2+ + 3Fe3+(OH)3(aq) ↔ Ca2Fe3(AsO4)3O2·3(H2O) + 4H2O + H+                                      (7) 

However, in association with pharmacosiderite or scorodite, it always forms younger massive 

aggregates and veins, which evidently replace pharmacosiderite (Fig. 5B). Similar findings are described 

by Filippi et al (2007) in MWD soils and by Paktunc et al. (2003; 2004) in the Ketza River mine tailing. 

Thus, pharmacosiderite probably incongruently decomposes to arseniosiderite according to equation 8. 

(Ba(1-n),Can)Fe4(AsO4)3(OH)5·5(H2O) +(2-n)Ca2+ → Ca2Fe3(AsO4)3O2·3(H2O) + Fe(OH)3(aq) + (1-n)Ba2+ 

+ 2H2O + 2H+                                                                                                                                              (8) 

This process leads to an increasing amount of arseniosiderite at the expense of pharmacosiderite 

towards the surface of the M1 and M3 soil profiles (Fig. 4). Release of Ba during ion exchange or 

dissolution of pharmacosiderite may be supported by the increasing water-soluble Ba towards the surface 

in M3 soil profile (Fig. 5A), whereas the largest amount of Ba-pharmacosiderite occurred under the 

groundwater level (according to XRD and the total Ba content) (Figs. 4, 6A). This consideration is also 

promoted by EMPA study, which documented massive replacement of Ba-pharmacosiderite by 

arseniosiderite above the groundwater level of M3 profile (Fig. 5B). 

Iron oxyhydroxides are the most important reservoir of As in stream sediments and are also an 

important source of As in MWD soils. Under oxidation conditions at MWD, goethite and hematite are 

thermodynamically most stable (Table 2) and thus are the final result of the Fe oxyhydroxides 

transformations. Transition, metastable phases were not confirmed with certainty in the mineralogical 

study, although ferrihydrite and schwertmannite are thermodynamically stable in most samples (Table 2) 

and ferrihydrite has already been identified in the MWD stream sediments (Drahota and Pertold, 2005). 

Iron oxyhydroxides frequently contain elevated amounts of Ca which are highly correlated with the As. 

The correlation coefficient for 36 analyses from 28 Fe oxyhydroxide grains is 0.82 (p<0.00001) and the 

average As/Ca molar ratio is 3.2. In other words, 1 Ca ion in Fe oxyhydroxide corresponds to 

approximately 3 As oxyanions. Paktunc et al. (2003; 2004) found a similar dependence of Ca and As in 

Fe oxyhydroxides and this also follows from further analyses of Fe oxyhydroxides from the MWD 
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(Filippi et al., 2007). Paktunc et al. (2003; 2004) employed micro-EXAFS analysis of the individual 

grains of goethite in the similar mineral association with Ca-Fe arsenates and found a spatial closeness of 

Ca and As atoms. Together with the determined coordination number, this could probably explain the 

coprecipitation of Ca-As arsenates having local structure similar to that of arseniosiderite rather than 

simple As and Ca adsorption onto Fe oxyhydroxides. Thus, we assume that the Fe oxyhydroxides in our 

samples contain not only As bidentate-nuclear complexes, but also coprecipitated arseniosiderite-like 

nanoclusters. Unfortunately, the positions of Ca and As in the Fe oxyhydroxide structure are not known; 

nonetheless, the As/Ca molar ratio in the Fe oxyhydroxides does not indicate pure adsorption of Ca ions 

(Smith et al., 2002) and tends rather towards the composition of arseniosiderite (Fig. 3). It further follows 

from the As/Ca ratio that Fe oxyhydroxides at MWD contain approximately 3 moles of adsorbed As to 1 

mole of coprecipitated arseniosiderite. Arsenic- and Ca-rich Fe oxyhydroxides are always associated with 

arseniosiderite, with which they form intimate intergrowths or mutually replace another (Fig. 5C). In the 

uppermost parts of soil profiles at the MWD, Filippi et al. (2007) differentiate additional group of solitary 

Fe oxyhydroxides with low content of As below 1.5 wt% As and 0.4 wt% Ca. 
 

 
 
Figure 5. Backscattered electron micrographs of (A) cubic crystals of Ba-pharmacosiderite, (B) cubic crystals of 
Ba-pharmacosiderite (middle grey) surrounded and replaced by the lighter mass of younger arseniosiderite, (C) 
arseniosiderite (lighter grey) in structural equilibrium with As- and Ca-rich Fe oxyhydroxides (middle grey), and (D) 
leaf-like aggregate of arseniosiderite. The mineral identifications are based on electron microprobe analysis. 
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2.5.2. Controls on As speciation and concentration in the waters 

2.5.2.1. Reducing conditions 

The flat areas north and west of the Mokrsko village and in the valley of the Mokrsko stream south 

of the village are characterized by a high groundwater level. In combination with microbially controlled 

decomposition of organic matter through a sequence of terminal electron accepting processes (oxygen, 

ferric iron, arsenate, nitrate and sulphate reduction), highly reducing conditions can be formed in these 

areas, which we found in several samples close to the surface (samples SP2, SP3, SP7). Under these 

conditions, the concentration of dissolved As in equilibrium can be controlled by the solubility of the 

sulphides and will thus be dependent mainly on the rate of the microbial reduction of sulphate. Sulphide 

minerals may be present in the reducing shallow subsurface of the MWD (S2 and S7), as the content of S-

2,0 in these samples is more than two orders higher than in the other samples of stream sediments in an 

oxidation environment (S1 and S4). We assume that these are not preserved sulphides of primary 

mineralization but rather newly formed As(III) or Fe(III) sulphides, for several reasons: (i) the sulphate 

concentration in the reducing SP2 and SP3 is only half of that in the related surface water (F2) (Table 1), 

probably caused by the precipitation of Fe(II) or As(III) sulphides (e.g., Rittle et al., 1995); (ii) we did not 

find any sulphides in detailed study of pre-concentrated samples, which tends to support the occurrence of 

fine-grained and nanometer-sized newly-formed sulphides; (iii) oxidized stream sediments, which do not 

contain sulphides, could be a source of solid material for the reducing SP2 and SP7. However, these 

indications tell us little about whether As(III) or Fe(II) sulphides are precipitated in the reducing 

environment of MWD. It follows from the activity-activity-activity diagram for As(III) vs. Fe(II) vs. pH 

(Wilkin and Ford, 2006) that the precipitation of As(III) sulphides will be more probable at higher As(III) 

concentrations, lower pH or reduced Fe(II) concentrations. The concentration of dissolved As(III) in the 

neutral to weakly acidic SP2 and SP7 is, however, not higher than the solubility of realgar and orpiment 

(according to O´Day et al., 2004), and thus the most probable mechanism controlling the concentration of 

dissolved As is its adsorption and coprecipitation on the mineral surface of Fe(II) sulphides. This 

hypothesis is also supported by thermodynamic modelling, which indicates high supersaturation of 

reducing waters in SP2 with respect to pyrite and Fe(II) monosulphides, while these waters are 

undersaturated with respect to As(III) sulphides (Table 2). Adsorption of predominant As(III) species on 

sulphides in reducing solution with pH≥7 can successfully reduce the As concentration in solution 

(Bostick and Fendorf, 2003); nonetheless, the formation of the thioarsenite complex can, on the contrary, 

increase the solubility of As (e.g., Helz et al., 1995). Speciation modelling confirms that the predominant 

form of As(III) is the dithioarsenite complex AsS(SH)(OH)-, which is formed particularly at low As 

concentrations and low S/As ratios in solution (Helz et al., 1995; Bostick et al., 2005).  

 

2.5.2.2. Transition redox contitions 

A redox transition occurs between the areas in which secondary arsenate minerals and Fe 

oxyhydroxides are stable and the areas in which Fe(II) or As(III) sulphides are precipitated. In this 

transition zone, the total dissolved As concentration is controlled by the rate of oxidation of arsenopyrite 
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(equation 1) and especially the rate of the reductive dissolution of scorodite, pharmacosiderite, 

arseniosiderite and As-bearing Fe oxyhydroxides. On the other hand, the concentration of dissolved As 

will be controlled by the rate of reduction of sulphate which is substantially affected by microbial activity 

(Kirk et al., 2004). The distribution of dissolved sulphide in the transition zone is not usually sufficient 

and, consequently, the highest concentration of dissolved As occurs there (e.g., McCreadie, et al., 2000; 

O´Day et al., 2004). This situation was found in soil profile M3, where the increase in the concentration 

of water-soluble As from 3 000 μg L-1 at a depth of 292-351 cm to 10 800 μg L-1 at a depth of 115–165 

cm (Fig. 2C) indicates that the upper boundary of the transition zone is immediately below the 

groundwater level, which is at a depth of 115 cm in M3. It is assumed that the high concentration of 

dissolved As is caused mainly by reductive dissolution of As-bearing minerals, as their amount in M3 

under the groundwater level decreases with depth and it practically does not occur 1 m under the 

groundwater level (Fig. 4). In addition to hydrologically small spatial intervals of As variations in the 

aquifer of Mokrsko, temporal variations of groundwater elevation and microbial activity may play 

important role in chemical composition and redox state of groundwater, and adsorption and dissolution 

processes of As-bearing minerals in the transition zone. The importance of the reductive dissolution of 

arsenate minerals and Fe oxyhydroxides at MWD is supported by the results of sequential extraction of 

MWD soil with the similar mineral composition to our samples (Filippi et al. 2007), which confirmed that 

50-80% of the As is bonded to the reducing fraction (NH4-oxalate/ascorbic acid according to Wenzel et 

al., 2001), while bonding of As to the other fractions is less important. 

 

2.5.2.3. Oxidation condition 

Under the oxidizing conditions at MWD, the concentration of dissolved As seems to be controlled, 

on the one hand, by the rate of oxidation of arsenopyrite, the solubility of scorodite, pharmacosiderite and 

arseniosiderite and, on the other hand, by the degree of adsorption of As oxyanions, particularly on the 

surface of Fe oxyhydroxides. Swash and Monhemius (1995) found in the Ca-Fe-AsO4 system an increase 

in the Ca content in the phase leads to increased solubility and that the opposite trend holds for the Fe 

content. It follows from the study of the solubility of scorodite, pharmacosiderite and arseniosiderite that 

pharmacosiderite has the lowest solubility (0.223 mg L-1 at pH 6.6) and arseniosiderite has the highest, 

which decreased gradually from 28 mg L-1 (pH 8.1) to 6.7 mg L-1 (pH 6.85) (Krause and Ettel, 1989). 

However, arseniosiderite generally predominates over pharmacosiderite in the oxidation environment of 

soil profiles M1 and M3, which means that arseniosiderite is highly stable under the given conditions, 

although it is undersaturated in all the solutions studied, according to the solubility values (Krause and 

Ettel, 1989). The increased stability of arseniosiderite is probably caused by an ion effect in which the 

high activity of the Ca2+ reduces the solubility of arseniosiderite. Swash and Monhemius (1995) and 

Juillot et al. (1999) described a similar reduction in the solubility of Ca-arsenates through the addition of 

limestone to the system. In addition to their high solubilities, Ca-arsenates can also slowly and 

incongruently dissolve to calcite at elevated CO2 partial pressures and simultaneously release As(V) into 



Geochemical model of arsenic at the Mokrsko gold deposit                                               Dissertation of Petr Drahota 

 38

solution. Frau and Ardau (2004) assume the decomposition of arseniosiderite in the Baccu Locci stream 

sediments (Sardinia, Italy) in this way; see equation 9 at pH>7. 

Ca2Fe3(AsO4)3O2·3(H2O) + 2CO2 + 6H2O ↔ 3HAsO4
2- + 2CaCO3 + 3Fe(OH)3 + 6H+                            (9) 

Nishimura et al. (1983) nonetheless assumed that this reaction will be effective only at pH>8.3. 

Juillot et al. (1999) also do not assume the decomposition of Ca-arsenates through this reaction in weakly 

acidic media with high CO2 partial pressure. Consequently, carbonation of arseniosiderite (equation 9) or 

Ca-pharmacosiderite will probably not occur at atmospheric pressure of CO2, as the pH of the oxidative 

environments at MWD is almost neutral and diagenetic calcite was also not found in the solids. 

 

 
 
Figure 6. (A) Total content of Ba (grey area) [mg kg-1] in soil profile M3 and its concentration in the water-soluble 
(black circle) [μg L-1] and oxalate-extractable fractions (open square) [mg kg-1]. (B) Concentration of water-soluble 
NO3 fraction (grey area) and the ratio of water-soluble As(III)/As(V) (black circle) in the M3 profile. The 
concentration of NO3 above the groundwater level is below the detection limit (DL=0.3 mg L-1). 

 

As was discussed above, As is probably bonded in coprecipitated Ca-Fe arsenate in Fe 

oxyhydroxides and approximately the same amount of As is adsorbed in the form of inner-sphere surface 

complexes. Thus, part of the As can theoretically be readily released by dissolution of coprecipitated Ca-

Fe arsenate while adsorbed As is relatively stable under the oxidation conditions. Adsorbed As also 

retards the transformation of the weakly crystalline forms of Fe oxyhydroxides (presumably ferrihydrite 

at MWD) to the more stable goethite and hematite (e.g., Ford, 2002; Moldovan et al., 2003). 

Recrystallization will also be slow because of the low solubility of ferrihydrite at pH between 7 and 8 
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(Cornell and Schwertmann, 2003). These phase transformations need not involve the release of adsorbed 

As, as the affinity of As(V) and As(III) for the more highly crystalline forms is identical to that for 

weakly crystalline Fe oxyhydroxides (Dixit and Hering, 2003). Thus, the release of As will probably 

depend only on a substantial reduction of the adsorption sites density and subsequently on the limited 

capacity of Fe oxyhydroxides to adsorb As (Dixit and Hering, 2003; Pedersen et al., 2006). The content of 

Fe oxyhydroxides is usually the highest under surface conditions of the soil profiles (M1 and M3), caused 

by their stability and precipitation of released Fe(III) from arsenates (equation 8 and equations 5 and 7 in 

the opposite direction) and some alumosilicates such as biotite and amphibole. As a consequence, the Fe 

oxyhydroxides are substantially the main carrier of As in the surface parts of soil profiles (Fig. 2E) and in 

the oxidizing stream sediments.  

The As concentration in the surface waters highly correlates with aqueous Sb (R2=0.94, p<0.0001), 

which occurs only at very low concentrations from 0.35 to 2.13 μg L-1 (Table 1). Antimony is bonded in 

the MWD in Au accessory minerals and can be present in up to 0.35 wt% in arsenopyrite (Zachariáš et 

al., 2008). In the dissolved state, it forms particularly the SbO3
- anion which, similar to As, is very readily 

adsorbed on Fe oxyhydroxides (Scheinost et al., 2006). Thus, the correlation of As and Sb in surface 

waters indicates that their concentrations are controlled by the same processes, particularly 

adsorption/desorption reactions onto Fe oxyhydroxides. 

The adsorption of As can be affected by the occurrence of other competitive ions in the system, 

which can directly compete for the available binding sites and indirectly influence the adsorption through 

changes of the electrostatic charge at the solid surface. The low concentrations of phosphate common in 

soils affected by agricultural activities were not found to affect the mobility of As in soil samples from 

the MWD (Sisr et al., 2007); the effect of sulphates and other anions can be completely neglected, as they 

are not present in sufficient amounts for the adsorption (Jain and Loeppert, 2000; Smith et al., 2002). Our 

results do not indicate the predominant valence state of the adsorbed As; however, it can be assumed that, 

at pH in the range between 5.9 and 9.7, which characterizes all the studied samples from the MWD, 

adsorption of As(III) on Fe oxyhydroxides will occur at least to the same degree as adsorption of As(V) 

(Dixit and Hering, 2003). It is thus assumed that speciation of the dissolved As will have minimal impact 

on the adsorption under surface conditions. 

 

2.6. Conclusions and environmental implications 
Natural As contamination of soils and waters in the vicinity of the MWD is substantially affected 

by a set of biogeochemical processes, which determine the consequent mobility and speciation of As and 

thus its toxicity for living organisms. These processes are described by the schematic model in Fig. 7, 

characterized by relatively low contents of reactive Fe and S in the system. This leads to specific 

secondary mineralization of As, which is not common in soils contaminated by As. Weathering of calcite, 

which buffer the pH of the system around neutral conditions, also substantially affects the formation of 

this mineralization and its stability.  
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Figure 7. Biogeochemical model of As under oxidizing and reduction conditions, summarizing the main 
precipitation/dissolution and adsorption/desorption reactions controlling the mobility of As at the Mokrsko-West 
deposit. The bold filled arrows denote incongruent dissolution reactions, the thin filled arrows denote congruent 
precipitation/dissolution reactions, the dashed arrows denote adsorption/desorption reactions and the curved arrows 
denote oxidation/reduction reactions, which can be catalyzed by microbiological activity (oxidation of organic 
matter, denitrification reactions). The names of the minerals that are characterized by their chemical compositions 
are given in the sections 2.2. and 2.4.1.2. 

 

The highest concentrations of dissolved As in the MWD occur in redox transition zone, where As is 

released by reductive dissolution of scorodite, pharmacosiderite, arseniosiderite and Fe oxyhydroxides 

with adsorbed/coprecipitated As. The dissolution is probably related to the spatial and/or temporal 

variations of redox state in this zone due to groundwater level elevation and/or variations of microbial 

activity. The positive correlation of the DOC in waters with high As(III)/As(V) ratios may be an 

indication of the microbial activity in the MWD. In surface waters, the As(III)/As(V) ratios are the 

highest in muddy sites rich in organic matter and especially in Mokrsko Fishpond. It is thus probable that 

organic substances are the most important electron donor in the dissimilation processes in the MWD. The 

further fate of the dissolved As species depends on where it is transported and on the biochemical 

conditions in the particular environment. Under reducing conditions with high microbial activity, it 

probably forms stable dissolved thioarsenite complexes and is bonded to newly formed sulphides. 

Reduced As(III) is evidently released from anoxic soils under the groundwater level and from stream 

sediments in the hyporheic zone into the oxidative surface waters, and is slowly oxidised into the 

thermodynamically stable As(V). Consequently, there are high concentrations of dissolved As(III) under 
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the oxidative conditions in the Mokrsko stream which, however, gradually decrease downstream as 

As(III) is oxidized and total As is adsorbed on the solid stream sediments. 
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Abstract 
Monthly sampling of slightly alkaline streams in two watersheds located within the Mokrsko and Čelina gold 
deposits with elevated concentrations of metals and metalloids in soil and stream sediment revealed seasonal 
variations in dissolved Zn, Pb, Cu, As, Mo and Sb. Concentrations of metal cations (Zn, Pb, Cu) increased between 
150% and 330% from summer-autumn minimum values to maximum values at winter-spring as pH and temperature 
decreased. In contrast, concentrations of metal and metalloid oxyanions (As, Mo, Sb) revealed opposite seasonal 
pattern with increase between 120% and 190% at summer-autumn. Dissolved As, Mo and Sb variation are the result 
of Mn and/or Fe redox reactions in stream sediments that might be microbially mediated. Seasonal variation of Zn, 
Pb and Cu are rather controlled by pH- and/or temperature-driven adsorption processes on inorganic substances such 
as Fe and Mn oxyhydroxides that are abundant in both streams. The results of single extractions indicate that 
majority of elements, with the decreasing order of abundance As>Cu>Sb>Zn>Mo≈Pb, were bonded to reducible 
phases, which is consistent with mineralogical and geochemical observations in stream sediments. 
 
Keywords: Metals; Metalloids; Stream; Seasonal variations; Mn redox reactions; Adsorption; Mokrsko and Čelina 
gold deposits 
 

3.1. Introduction 
Concentrations of dissolved elements in a stream are usually assumed to be controlled by a 

combination of natural and anthropogenic watershed inputs and internal biogeochemical processes. The 

latter are mainly in-stream biological activity and geochemical interactions between the flowing water 

and its geological environment. These processes are usually highly dynamic at the seasonal timescales 

making elucidation of specific processes controlling stream water chemistry very challenging. For 

example, on a seasonal timescale, (i) a fluctuation of snowmelt can affect stream chemistry by dilution 

processes (Sullivan et al. 1998; Sullivan and Drever 2001), (ii) changes in evapotranspiration by 

vegetation affect streamflow and the relative contributions from shallow groundwater (Gandy et al. 2007), 

(iii) a photosynthesis and respiration change pH and redox potential that control dissolved metals and 

metalloids concentration and speciation through adsorption/desorption and precipitation/dissolution 

processes (Fuller and Davis 1989; Masson et al. 2007). Mobilization processes related to seasonal 

variations are often important from an environmental point of view because leaching of hazardous 

elements from fluvial sediments, which are often highly polluted, can affect the quality of surface waters 

and groundwater and thus act as a secondary source of pollution. 
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This study presents data obtained during a two-year observation in two small streams draining the 

area of Mokrsko and Čelina gold deposits in the Psí hory gold district, Czech Republic. Monthly 

measurements of water discharge, physical-chemical properties and dissolved element concentrations 

(<0.45 μm) were combined with thermodynamic speciation-solubility modelling, detailed geochemical-

mineralogical investigation of stream sediments and available data from geochemical soil prospecting. 

The purpose of this paper is to identify hydrobiogeochemical and mineralogical processes regulating 

dissolved Zn, Pb, Cu, As, Mo and Sb concentrations in stream water of two watersheds with contrasting 

relief, bedrock lithologies, agricultural impact and different element contamination in soil. By 

understanding the processes regulating the stream water solute concentrations during varying seasonal 

conditions and by the application of soft to moderate single extraction procedures, it may be farther 

possible to predict the ability to release metallic and metalloid pollutants to the aquatic environment. 

 

3.2. Materials and methods 
3.2.1. Study area 

The Mokrsko and Čelina gold deposits are parts of the Psí hory gold district situated in Central 

Bohemia approximately 50 km south of Prague (Figure 1). The gold deposits are developed in the contact 

zone between a Hercynian granodiorite intrusive and the low grade metamorphic Neoproteorozoic 

volcano-sedimentary rocks of the Jílové belt. Fine-grained gold is accompanied by accessory Bi minerals 

and Bi-Te minerals. The gold mineralization is characterized by low sulphides content (generally below 

3% by vol.), quartz-dominated gangue with minor calcite and silicate minerals (plagioclase, titanite and 

sparse amphibole, chlorite, biotite) and by a lack of extensive hydrothermal alterations (Morávek et al. 

1989). Arsenopyrite [FeAsS] is dominant; pyrite [FeS2], pyrrhotite [FeS], molybdenite [MoS2], 

chalcopyrite [CuFeS2], sphalerite [ZnS], and scheelite [CaWO4] are less frequent. Additional types of 

mineralization are also present in the district, however in minor amounts (Morávek et al. 1989; Janatka 

and Morávek 1990): (i) volcanogenic stratiform sulphide mineralization of scattered impregnations to 

massive aggregates of pyrite, pyrrhotite with minor chalcopyrite, sphalerite and galena in the volcano-

sedimentary rocks of the Jílové belt; (ii) stratiform scheelite mineralization in the volcano-sedimentary 

rocks of the Jílové belt; (iii) rare barite-sulfide (Ag, Pb, Zn) vein mineralization in the granodiorite. 

Detailed geochemical soil prospecting for Au, Ag, As, B, Bi, Co, Cu, Mo, Ni, Pb, Sn, W and Zn in the 

area of the district detected high As contamination (>200 mg kg-1) over more than 1 km2, while the other 

elements are increased only moderately above the background values (Janatka and Morávek 1990). Factor 

analysis was used to establish the distribution of the elements and allowed their classification into three 

groups (Janatka and Morávek 1990): (i) elements related to gold mineralization: Au, As, Bi (Mo, W); (ii) 

elements related to post-gold mineralization tectonics: Ag, Pb, Sb (Zn); (iii) elements related to lithology: 

Co, Cu, Ni, Zn (W). 

The Mokrsko and Čelina deposits are drained by the Čelina stream and its perennial tributaries 

(Mokrsko stream and an inominate stream) running from north to south (Figure 1). The Mokrsko small 



Geochemical model of arsenic at the Mokrsko gold deposit                                               Dissertation of Petr Drahota 

 44

watershed (MW) and Čelina small watershed (ČW) have been defined in the area of these deposits 

(Drahota et al. 2006). They differ in many characteristics. The MW (0.126 km2) represents the 

agricultural area underlined mainly by the biotite-amphibole granodiorite while the ČW (0.376 km2) 

represents the forested land with high relief and is underlined by volcano-sedimentary rocks (Figure 1). 

The additional geographic, hydrologic and geochemical characteristics of the watersheds were listed by 

Drahota et al. (2006). 

 

 
 
Figure 1. Location and map of Mokrsko (MW) and Čelina (ČW) small watersheds in the Psí Hory district. 
Sampling sites include Mokrsko stream (Ms), inominate tributary (Čs) of the Čelina stream and bulk deposition (b). 

 

3.2.2. Sampling, collection and preparation 

Observations of MW and ČW stream water at the weirs (Figure 1 – Ms and Čs sites, respectively) 

were carried out monthly (or more frequently) for two years, from April 2003 until March 2004 and from 

December 2004 until November 2005. The stream waters were collected at the synchronous daily time in 

MW (approx. 9:00 hr) and ČW (approx. 11:00 hr) for all sampling campaigns, in order to minimize daily 

cycling fluctuations in water chemistry (Nagorski et al. 2003; Nimick et al. 2005). The stream water was 

collected in HDPE bottles previously cleaned with 2% HNO3 and washed twice in deionised water. The 

temperature, pH, Eh and specific conductivity (EC) were measured in the field with calibrated portable 

meters (Schott-Geräte Handylab 2). The accuracy of the pH, Eh, and EC measurements was ±0.01 std. pH 
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unit, ±0.5 mV, and ±0.001 mS cm-1, respectively. The bulk atmospheric precipitation was observed and 

collected monthly at the site between the studied waterheds (Figure 1 – b bulk deposition). The procedure 

of sampling and handling of precipitation was described by Drahota et al. (2006). 

Five stream sediment samples were taken from each of the two study watersheds. At each sampling 

site, the samples were taken using a stainless steel trowel and collected into clean polyethylene bags. The 

pH of the stream sediments were measured in situ by directly applying electrodes into a sample. 

Sediments were oxic at the time of collection and thus no special sample handling was required.  

 

3.2.3. Water analysis 

Water samples for trace element analysis were filtered in situ through 0.45 μm Sartorius membrane 

filter and acidified in situ to pH<2 with HNO3 acid (Merck, Suprapur). Water samples for major cation 

analysis were acidified too, but the samples were left unfiltered. Samples for anion analysis were 

unfiltered and unacidified. The major cations (Na, K, Ca, Mg, Si) were analysed by flame atomic 

absorption spectrometry (FAAS, Perkin Elmer 3100); Fe was analysed by optical emission spectrometry 

with inductively coupled plasma (ICP-OES, IRIS Intrepid II XDL); Mn, Al were analysed by FAAS in 

the first year of sampling period, however, on account of their concentrations frequently below the 

detection limit (DL) of FAAS (0.2, 0.005 mg L-1, respectively), they were analysed by ICP-OES in the 

second year of sampling period; trace elements (Ba, Zn, Pb, Cu, As, Mo, Sb) were analysed by mass 

spectrometer with inductively coupled plasma (ICP-MS, VG Elemental PlasmaQuad 3). Results of ICP-

OES and ICP-MS analyses falling below the DL were set to 0.5 DL for purposes of speciation modelling 

and statistics. NIST 1640 and 1643d standard reference materials were used for quality control of 

instrumental analyses. The major anions (Cl, SO4, NO3) were analysed by an ion chromatography (HPLC, 

columns Tessek HEMA-S1000 Q-L 10 mm), F using an ion selective (ISE) analyser; HCO3
- was 

determined by titration (Metrohm) with 0.01 M H2SO4. The relative standard deviation with respect to the 

certified values was less than 7% for all the analysed elements. 

 

3.2.4. Sediment analysis 

In the laboratory, the stream sediment samples were homogenised, air-dried, disaggregated and 

sieved to pass through a 2 mm nylon sieve. A sub-sample of the air-dried material for the aqua regia 

extraction was then ground in an agate mortar. A sub-sample for mineralogical study was sieved through 

0.25 and 0.125 mm sieves. Sample preparation for clay analysis followed the methods of Moore and 

Reynolds (1997). Total element concentrations (Zn, Pb, Cu, As, Mo, Sb) were determined by ICP-OES, 

IRIS Intrepid II XDL after dissolution in a PTFE beaker with a mixture of HF and HNO3 acids (Merck, 

Suprapur). The standard deviation for the second replicate was less than 5% for all analyses. The heavy 

mineral fraction (specific density>2.8) of stream sediments from MW and ČW (in 0.25-0.125 mm 

fraction) and preferentially oriented and glycolated sample for clay identification were submitted to X-ray 

diffraction (XRD) analysis. The analyses were performed by PANalytical X`Pert Pro diffractometer using 

a CuKα radiation (40 kV, 30 mA), step scanning at 0.02°/250 s in the range 3-80° 2θ. Qualitative analysis 
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was performed with X`Pert HighScore software 1.0d, equipped with the JCPDS PDF-2 database (ICDD 

2002). The study of heavy mineral separates were made with a scanning electron microscopy (SEM) and 

Cameca SX 100 microprobe with four wavelength dispersion spectrometers (WDS) operating at 15 kV 

and 10 nA with a 2 μm beam resolution and counting 10 s per element. Samples were also analyzed by 

voltammetry of microparticles (VMP) and UV-Vis diffuse reflectance spectroscopy (DRS) in order to 

detect the presence of Fe and Mn oxyhydroxides in the sediments. The VMP and DRS analyses were 

performed according to Grygar and van Oorschot (2002) and Grygar et al. (2003). 

 

3.2.5. Single extraction procedures 

Four single chemical extractions were applied to homogenized, <2 mm sieved sediment samples 

from MW and ČW, as follows: 

• Extraction with CaCl2 0.01 mol L-1. 2.5 g of sample was shaken at 20 r.p.m. in 50 mL of 

CaCl2 (Merck, pro analysi) 0.01 mol L-1 solution for 2 hours (Novozamsky et al. 1993; 

Vidal et al. 1999; Hudson-Edwards et al. 2003). 

• Extraction with 1 M ammonium acetate. 2.5 g of sample was shaken at 20 r.p.m. in 50 mL 

of 1 M ammonium acetate (CH3COONH4) (Merck, pro analysi) solution for 2 hours (Vidal 

et al. 1999; Hudson-Edwards et al. 2003). 

• Extraction with 1 M sodium acetate. 2.5 g of sample was shaken at 20 r.p.m. in 50 mL of 1 

M sodium acetate (CH3COONa) (Merck, pro analysi) solution adjusted to pH 5 with acetic 

acid for 5 hours (Hudson-Edwards et al. 2003). 

• Extraction with 0.2 M ammonium oxalate. 2.5 g of sample was shaken in the dark at 20 

r.p.m. in 50 mL of 0.2 M ammonium oxalate (Merck, pro analysi) solution adjusted to pH 3 

with 0.2 M oxalic acid for 2 hours (Keon et al. 2001; Hudson-Edwards et al. 2003). 

All the extractions were performed in acid-washed 100 mL HDPE centrifuge bottles. After shaking, 

the suspension was centrifuged at 3000 rpm for 10 min, the supernatant solution was decanted and filtered 

through a Millipore filter (pore size 0.45 μm) and the solution was stored at 4°C until analysis, which was 

undertaken no more than 5 days after extraction. The first two extracs were acidified to pH<2 with HNO3 

(Merck, Suprapur) to prevent metal precipitation and adsorption on the bottle walls. The concentration of 

Fe, Mn, Zn, Pb, Cu, As, Mo and Sb was determined by ICP-OES, IRIS Intrepid II XDL. All selective 

extractions were conducted in duplicate to assess the reproducibility, which was found to be within 15%. 

A procedural blank was carried out for each single extraction. 

 

3.2.6. Speciation-solubility modelling 

The element speciation and the degree of saturation of stream waters with respect to mineral phases 

were performed using the PHREEQC geochemical code, version 6.2 (Parkhurst and Apello 1999) with 

the included MINTEQ.V4 database. The measured Eh values were used to calculate the pE values. 
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3.3. Results and discussion 
3.3.1. Level and origin of soil metal and metalloid contamination in watersheds 

The mean bulk concentrations of Zn, Pb, Cu, As, Mo and Sb for soils in MW and ČW are presented 

in Table 1. The values were calculated from existing data of geochemical soil prospecting dataset 

(Janatka and Morávek 1990), which covered the area of the watersheds. The high level of contamination 

was found only for As, whereas the bulk concentrations of other studied metals and Sb exceeded the 

geochemical background values of the Czech soil (Beneš 1994) only moderately (Table 1). We found 

similar positive correlation between Zn and Pb in both watersheds (R2=0.56, p<0.001) whereas Cu is 

positively correlated with Zn only in ČW (R2=0.53, p<0.001). Consequently, the distribution of Zn and Pb 

in soil at MW is probably related to the barite-sulphide vein mineralization and the distribution of Zn, Pb 

and Cu in ČW is probably related to the volcanogenic stratiform sulphide mineralization (cf. Janatka and 

Morávek, 1991). The other correlations between the studied elements are less significant. 

 
Table 1. Mean Zn, Pb, Cu, As, Mo and Sb contents in soils and stream sediments in the Mokrsko (MW) and Čelina 
(ČW) watersheds. The mean concentrations in soil above the MW and ČW are obtained from the geochemical soil 
prospecting dataset (Janatka and Morávek 1990). 
 

    n Zn Pb Cu As Mo Sb 
soil 97 94.1±42.6 34.6±11.8 42.1±41.0 495.6±690.8 7.2±7.5 12.5±14.5MW 
sediment 5 45.0±12.7 28.6±7.1 10.4±2.1 867.6±295.7 3.2±2.0 11.3±6.7
soil 130 113.2±125.3 31.1±13.7 68.6±150.8 205.2±142.8 7.6±4.6 14.6±14.4ČW 
sediment 5 53.6±23.3 28.6±4.2 32.8±8.7 34.4±11.7 2.1±1.2 8.3±4.8

Czech Rep. soil   75.0a 36.0a 26.0a 8.3a 0.8a 1.2a

 

n: number of analysis; a Beneš (1994) 
 

The mineralogical and chemical speciation of As in soil covering the granodiorite and volcano-

sedimentary rocks is well known (Filippi et al. 2004; Filippi et al. 2007). Arsenic in MW soil is bond 

mainly to secondary pharmacosiderite [(Ba,Ca,K)(Fe,Al)4(AsO4)3(OH)4-5·5-7H2O], arseniosiderite 

[Ca2Fe3(AsO4)3O2·3H2O], Fe oxyhydroxides (FOH) and, rarely, to scorodite [FeAsO4·2H2O]. On the 

contrary, FOH are by far the most important As carriers in ČW soil. Knowledge about the mineralogical 

and chemical speciation of other studied elements in soil above the deposits is very poor. Filippi (pers. 

comm.) has rarely identified secondary cerussite [PbCO3] in the heavy mineral fraction of soil above the 

granodiorite. 

 

3.3.2. Water chemistry and general trends 

The seasonal streamflow patterns in MW and ČW indicated similar trends (Figure 2). Discharge 

maxima occurred in winter, largely because of snowmelt pulses, then the stream discharges showed 

moderate gradual decline from spring to autumn due to increasing evapotranspiration. Although bulk 

precipitation maxima occurred mainly in spring-summer, they had relatively low effect on our streamflow 

data (Figure 2). The pH varied from 7.05 to 8.13 in the MW stream water and from 7.71 to 8.47 in the 

ČW stream water with the highest values in autumn and the lowest pH in winter and summer (Figure 3b, 
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e). While the drop of pH in winter is probably affected by the acidity contribution from snowmelt pulses, 

the pH drop in summer is implicated by the dominance of respiration processes over the photosynthesis. 

Respiration processes are also supported by approximately 20% and 15% drop of Eh (redox potential) in 

ČW and MW, respectively, during the summer and autumn (Figure 3c, f). In ČW stream, the pH drop in 

summer may be also contributed from nitrification of NH4 released from organic matter that is supported 

by high correlation of H+ and NO3 (R2=0.69, p<0.001). 

 

 
 
Figure 2. Seasonal patterns of bulk precipitation (grey field) and streamwater flow discharging from Mokrsko 
(MW) and innominate (ČW) streams at Psí hory gold district. 

 

While the bedrock lithology varies considerably between MW and ČW, the solute concentrations 

are generally of similar magnitude in both stream waters (Table 2). Calcium and HCO3 are usually the 

dominant cation and anion, respectively, in both watersheds. This is consistent with input from 

dissolution of carbonate minerals associated with granodiorite and volcano-sedimentary lithologies in 

MW and ČW, respectively (Drahota and Pertold 2005). Saturation indices calculated for calcite were near 

equilibrium in MW (SI=-0.7 to 0.1) and ČW (SI=-0.4 to 1.0) supporting the dissolution of carbonate 

minerals. Sulfate concentrations are of similar magnitude for both watersheds and may reflect inputs from 

sulphide weathering; however, all stream water samples were undersaturated with respect to gypsum and 

anhydrite. A nitrate concentration in MW stream water (59.7-169.0 mgL-1) was always significantly 

higher than NO3 concentration in ČW stream water (3.2-15.8 mgL-1). This was probably due to annual 

application of N-fertilizers in the fields of MW (Poor and McDonnell 2007). Unlike NO3 concentrations 

in MW stream water that displayed a lack of seasonality, the seasonal pattern of NO3 concentrations in 

ČW stream water was distinctively overprinted by biological cycling processes. Stream water NO3 

concentrations in ČW decrease progressively throughout spring as vegetative uptake reaches its peak 
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from March to June, and microbial denitrification activity increases with increasing temperature (e.g., 

Sullivan and Drever 2001; Strauss et al. 2006). Chloride concentrations in MW stream waters (20.3-35.5 

mgL-1) were also higher than Cl concentrations in ČW stream water (8.2-13.7 mgL-1) which reflect the 

additional anthropogenic inputs to atmospheric deposition in MW, e.g., road salting and fertiliser 

application. 

 

 
 
Figure 3. Box plots showing seasonal variations in water temperature (a, d), pH (b, e) and Eh (c, f) for stream 
waters in Mokrsko (MW) and Čelina (ČW) watersheds. Boxes depict the interquartile range (IQR) of data; the line 
within each box is the median; the whiskers span the full range of the data. Open circles depict mild outliers 
(1.5×IQR). 

 

3.3.3. Seasonal trends in metals and metalloids concentration and speciation 

Concentrations of dissolved metals and metalloids (<0.45 μm) are reported in Table 2 and their 

seasonal patterns in Figure 4. Stream water concentrations of metals and metalloids are usually low with 

the exception of As in MW, which is consistent with metal and metalloid distribution in the stream 

sediments and soils (Table 1). 

The metals and metalloids displayed generally two different trends in seasonal variations (Figure 

4). The first group of elements is represented by metal cations (Zn, Cu and Pb). The minimum 

concentrations of these metals were found in autumn and then their median increased between 150% (Cu 

in ČW) and 330% (Zn in MW) towards the spring. Similar behavior of these elements in MW and ČW 

waters also implicated significant correlation of Zn and Cu (R2=0.59, p<0.01 in MW and R2=0.77, 

p<0.0001 in ČW). Although the seasonal variations of Pb display generally similar trends to Zn and Cu, 

their correlation are of low significance with the exception of Pb and Zn in MW (R2=0.56, p<0.01 in 
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MW). We suggest that the discrepancy is related to inputs of atmospheric Pb that are higher in forested 

ČW as could be expected from interception of Pb aerosols in the forest canopy (e.g., Ettler et al. 2005). 

For that reason, the correlations of Pb in ČW are much lower than those in MW. In contrast to metal 

cations, the second group of elements, which is represented by oxyanions of As, Mo and Sb, displayed 

almost opposite pattern of seasonal variations with the maxima in the summer-autumn and minima in the 

spring-winter (Figure 4). Variations in As, Mo and Sb concentrations were usually smaller than those for 

metals; their medians increased between 120% (Mo in MW) and 190% (As in MW) from spring-winter to 

maximum at summer-autumn. Arsenic appears to show very significant correlation with Mo (R2=0.81, 

p<0.0001) in MW and Mo correlates significantly with Sb in both stream waters (R2=0.73, p<0.0001 in 

MW and R2=0.58, p<0.01 in ČW). The opposite pattern of the seasonal variations of cationic metals and 

the group of oxyanions strongly suggests that simple hydrologic changes did not cause the seasonal 

variations for all studied elements but they were more probably regulated by the in-stream processes. 

The thermodynamic calculations indicated that a significant part of the metals (especially Cu, Pb) 

except Mo are bound in carbonate complexes, such as Me(II)HCO3
+, Me(II)CO3(aq) and Me(II)(HCO3)2

2-

, while the free ionic forms dominated only in the Zn speciation (Table 3). The prevailing carbonate and 

bicarbonate complexes were usually high in autumn but after the snowmelt pulses in winter the 

equilibrium was shifted towards free ionic, sulphate and hydroxide complexes (Table 3) due to the 

decrease of alkalinity. Speciation of As, Mo and Sb did not reveal speciation complexity of metals; they 

were bound in oxyanions of HAsO4
2-, H2AsO4

-, MoO4
2- and SbO3

-. Speciation calculations of As showed 

pH dependence with significantly higher HAsO4
2- complex in autumn at MW. Although speciation 

calculation showed the absolute dominance of As(V) over As(III) in the stream waters, we have 

previously found nonequilibrium thermodynamic conditions for As in MW stream water (chapter 2) 

where the concentration of As(III) often exceeded the As(V) concentrations even under the permanently 

oxidized conditions. Another possible cause of seasonal speciation variability is seasonal fluctuation in 

complexing organics affecting the solubility or partitioning of dissolved metals and metalloids. However, 

although no data are available on complexing capacity in MW and ČW, the DOC in the MW stream is not 

observed to reach more than 4.5 mg L-1 (chapter 2) and therefore we do not assume that the preferential 

bonding of the metals and metalloids to sediment organic matter play a significant role in MW and ČW 

streams. 

 

3.3.4. Geochemistry and mineralogy of metals and metalloids in stream sediments 

The stream sediment samples represented organic-rich sandy sediments. Their pH values were 

7.48±0.18 in MW and 7.37±0.23 in ČW. The mean bulk concentrations of Zn, Pb, Cu, As, Mo and Sb in 

sediment samples are shown in Table 1. Their concentrations are always significantly lower than mean 

bulk soil concentration in the corresponding watershed. Consequently, neither the maximum limits 

defined by the Regulation of the Ministry of Environment of the Czech Republic (Vyhláška č. 13/1994) 

nor the geochemical background values of the stream sediments in the Czech Republic (Beneš 1994) were
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Table 2. The physical-chemical parameters and the dissolved (<0.45 μm) concentrations of major, minor and trace elements in stream waters from Mokrsko (MW) and Čelina (ČW) 
watersheds, Psí hory gold district, Czech Republic. There are two DL for Mn and Al; first DL corresponds to the FAAS analyses of the first sampling year, second DL corresponds to the 
ICP-OES analyses of the second sampling year. 
 

Sample Date Flow T pH Eh E.C. Na K Ca Mg NH4 SiO2 HCO3 SO4 NO3 Cl  F Fe Mn Al Ba Zn Pb Cu As Mo Sb 

  (L s-1) (°C)  mV (mScm-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

DL        0.01 0.01 0.01 0.01 0.02 2 0.5 0.5 0.3 0.15 0.02 0.9 5/0.6 200/0.4 0.02 0.1 0.05 0.05 0.3 0.06 0.02 

MW 0.169 8.8 7.68 222 518.0 13.38 1.82 71.50 17.94 BDL 13.5 91.5 86.1 97.0 27.2 0.19 12.0 29 BDL 53.80 4.39 0.46 2.00 117.0 1.08 0.93 

ČW 29.4.03 0.515 7.1 8.14 200 486.0 13.24 1.85 78.10 18.65 BDL 20.8 192.2 110.0 9.2 13.7 0.14 7.0 BDL BDL 18.72 4.83 0.56 1.71 3.5 2.38 0.68 

MW 0.172 14.2 7.05 398 589.5 16.83 2.94 89.50 20.34 0.03 6.7 119.0 94.0 119.0 24.0 0.18 7.0 125 BDL 67.64 6.38 0.21 2.26 117.1 0.98 1.00 

ČW 9.6.03 0.557 12.4 8.02 203 519.0 16.35 2.46 84.20 20.13 BDL 8.6 201.4 117.0 9.4 11.0 0.15 BDL 115 BDL 19.72 8.80 0.17 2.16 3.9 2.39 0.70 

MW 0.150 12.3 7.30 150 635.3 14.71 2.29 73.30 18.36 0.04 16.0 103.7 78.3 108.0 21.8 0.21 BDL 10 BDL 62.64 3.57 0.10 1.74 141.4 1.03 1.06 

ČW 6.7.03 0.474 13.2 8.04 184 573.5 13.65 1.96 70.20 19.52 BDL 19.0 180.0 88.6 8.5 10.5 0.11 BDL BDL BDL 18.29 3.32 0.05 1.74 4.5 2.92 0.64 

MW 0.143 13.0 7.09 200 621.3 15.48 2.64 85.00 21.15 0.02 21.1 103.7 95.0 115.0 24.7 0.15 16.0 325 710 49.89 4.11 0.60 1.19 143.0 1.00 0.91 

ČW 30.7.03 0.398 14.0 7.81 183 583.3 15.22 2.40 89.60 22.20 BDL 30.6 207.5 110.0 9.0 11.4 0.11 21.0 240 690 17.80 3.22 1.56 1.28 6.2 2.83 0.65 

MW 0.119 10.5 7.47 237 631.2 15.26 3.26 75.90 19.45 0.04 14.1 82.4 94.5 130.0 20.5 0.19 BDL 65 BDL 59.20 3.68 0.13 1.50 245.7 1.27 1.02 

ČW 4.9.03 0.340 13.7 8.06 230 594.0 15.24 2.42 77.90 21.32 BDL 19.1 189.2 102.0 8.5 10.1 0.14 BDL 35 BDL 17.63 2.87 0.12 1.28 5.1 2.83 0.64 

MW 0.104 8.2 7.50 ND 666.0 13.74 4.11 92.31 19.28 BDL 9.9 92.1 114.0 169.0 24.4 0.14 BDL BDL BDL 57.30 2.18 0.11 1.11 247.2 1.25 0.95 

ČW 1.10.03 0.298 8.0 7.98 ND 579.5 13.80 2.02 74.16 19.55 0.02 13.9 189.2 102.0 7.8 10.2 0.11 6.3 28 BDL 16.79 4.13 0.17 1.15 5.0 2.82 0.58 

MW 0.090 3.1 7.94 125 638.0 13.48 2.36 70.85 18.44 BDL 13.3 79.3 94.7 95.6 24.4 0.17 BDL 27 BDL 51.20 3.37 0.57 1.29 156.6 0.87 0.85 

ČW 12.11.03 0.259 3.2 8.28 108 568.0 13.49 1.92 73.59 20.48 BDL 16.2 180.0 107.0 6.5 11.2 0.10 BDL BDL BDL 14.55 1.64 0.06 0.68 3.6 2.16 0.50 

MW 0.094 1.3 7.68 370 505.0 13.15 2.16 64.10 17.89 BDL 11.3 73.2 100.6 102.8 26.4 0.16 BDL BDL BDL 56.52 1.22 0.06 0.99 185.2 0.98 0.54 

ČW 19.12.03 0.230 4.2 8.05 179 498.7 12.59 1.88 67.30 18.89 BDL 16.9 173.9 108.0 5.9 11.5 0.09 1.6 BDL BDL 14.79 2.18 0.11 1.06 3.7 2.36 0.37 

MW 0.159 1.5 7.59 265 599.5 13.42 1.31 75.90 18.34 BDL 9.8 70.2 138.5 59.7 35.5 0.18 2.9 8 BDL 41.37 1.48 BDL 1.98 87.6 1.05 0.88 

ČW 13.1.04 0.453 4.0 7.91 253 544.0 11.80 1.80 65.80 16.41 BDL 14.8 140.3 112.1 15.8 11.7 0.11 8.9 BDL BDL 12.34 0.67 BDL 1.43 3.0 2.15 0.68 

MW 0.186 1.1 7.44 161 600.5 12.04 1.48 70.30 14.22 BDL 9.1 76.3 117.8 73.8 29.3 0.18 2.8 14 BDL 47.13 1.41 0.03 2.00 109.7 0.75 0.47 

ČW 3.2.04 0.716 3.6 7.71 159 489.0 9.24 1.66 65.20 10.17 0.04 12.1 134.2 106.6 13.8 9.1 0.11 5.9 BDL BDL 17.61 1.53 BDL 1.68 4.8 2.65 0.78 

MW 0.113 0.6 7.52 192 602.7 13.75 1.97 78.60 19.48 0.05 11.1 82.4 102.8 123.1 30.3 0.21 1.0 BDL BDL 80.04 3.47 0.76 1.64 149.7 0.91 0.51 

ČW 2.3.04 0.440 3.9 7.82 196 512.7 13.62 1.70 75.40 18.13 BDL 16.3 170.9 111.2 8.1 11.3 0.20 1.4 BDL BDL 29.69 3.13 0.83 1.31 3.9 2.18 0.37 

MW 0.109 5.7 7.40 238 620.0 10.80 1.56 61.48 15.71 0.10 10.0 70.2 78.5 95.4 20.3 0.16 BDL 20 BDL 62.69 7.20 1.40 1.59 101.4 0.68 0.97 

ČW 6.4.04 0.314 5.3 7.99 259 528.7 14.07 1.82 63.11 15.60 0.02 20.7 137.3 109.7 6.5 9.5 0.36 8.6 BDL BDL 18.57 3.02 1.13 1.40 15.7 1.85 0.77 
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Sample Date Flow T pH Eh E.C. Na K Ca Mg NH4 SiO2 HCO3 SO4 NO3 Cl  F Fe Mn Al Ba Zn Pb Cu As Mo Sb 

MW 0.074 5.0 8.06 267 524.0 13.71 2.50 68.77 16.65 BDL 25.9 73.2 111.0 86.3 24.7 0.21 17.3 34.90 0.011 45.44 1.44 0.10 0.73 162.1 0.85 0.62 

ČW 1.12.04 0.168 6.7 8.25 253 513.0 13.07 2.12 55.71 16.31 BDL 36.8 143.4 110.6 5.6 11.5 0.12 8.0 0.70 BDL 12.15 2.17 0.27 0.93 4.4 2.15 0.37 

MW 0.356 3.9 8.13 297 524.0 13.13 2.28 68.54 16.21 BDL 25.0 79.3 113.7 86.5 25.5 0.16 12.0 16.90 0.007 29.85 2.00 0.18 0.75 98.0 0.48 0.38 

ČW 4.1.05 1.398 4.1 8.29 250 507.0 13.78 2.07 83.64 21.69 BDL 36.6 213.6 110.3 5.4 11.3 0.13 9.3 0.70 0.003 9.40 2.58 0.10 0.99 2.5 1.52 0.33 

MW 0.316 0.3 7.84 240 540.0 14.30 1.80 81.40 20.73 0.05 10.4 120.8 108.8 120.8 29.1 0.19 27.3 22.70 0.018 54.08 3.16 0.37 1.88 97.8 0.93 0.82 

ČW 15.2.05 1.084 3.4 7.91 270 318.0 14.34 1.82 44.90 11.80 BDL 20.3 73.2 103.4 9.4 8.2 0.11 36.4 2.40 0.037 6.45 2.38 0.15 1.33 2.6 0.56 0.23 

MW 0.147 1.0 7.87 245 532.0 13.74 1.65 79.18 18.95 0.02 10.8 82.4 105.0 97.5 30.6 0.18 28.4 15.60 0.020 25.26 3.24 0.96 1.10 51.7 0.35 0.40 

ČW 14.3.05 0.186 3.2 8.16 274 452.0 13.05 1.69 76.00 18.21 BDL 16.0 180.0 110.0 6.9 10.7 0.13 191.1 28.70 0.111 18.28 5.83 1.02 2.60 6.7 2.37 0.79 

MW 0.117 6.6 7.70 257 300.0 14.80 1.57 74.15 19.51 2.92 13.1 85.4 98.4 101.5 24.7 0.24 56.4 26.30 0.040 43.44 2.22 0.35 1.21 87.8 0.67 0.79 

ČW 14.4.05 0.199 6.1 8.13 231 297.0 14.44 1.73 73.57 19.06 BDL 18.6 177.0 110.1 4.8 11.4 0.18 75.3 4.00 0.061 10.62 2.68 0.27 1.15 2.9 1.00 0.27 

MW 0.100 7.3 7.81 307 475.0 13.30 1.84 70.91 16.91 0.04 17.9 97.6 100.5 78.9 25.3 0.26 151.7 54.90 0.122 70.11 6.40 0.70 2.65 198.0 1.19 1.07 

ČW 19.5.05 0.184 8.1 8.16 279 446.0 12.72 2.07 80.09 19.08 BDL 24.3 207.5 105.4 5.2 10.3 0.20 9.0 2.10 BDL 22.12 4.41 0.73 2.00 6.0 2.77 0.53 

MW 0.080 9.7 7.90 260 443.0 13.38 2.02 73.03 17.64 BDL 17.4 91.5 100.7 81.7 24.4 0.25 39.1 56.20 0.022 49.06 3.23 1.47 1.95 155.3 0.60 0.95 

ČW 12.6.05 0.154 9.7 8.19 280 427.0 13.01 1.97 83.08 17.64 BDL 16.0 213.6 101.5 4.6 10.4 0.19 11.5 2.70 0.004 14.09 1.68 0.09 0.82 4.3 2.19 0.58 

MW 0.083 14.5 7.62 225 399.0 12.37 2.81 66.60 17.21 BDL 18.9 85.4 99.1 89.1 24.6 0.22 182.7 201.00 0.225 49.39 3.69 1.05 1.93 204.8 0.95 0.68 

ČW 4.7.05 0.161 12.1 7.97 186 410.0 13.23 2.39 83.29 19.46 BDL 25.4 219.7 101.5 4.2 10.4 0.19 BDL 24.00 0.221 24.79 8.23 0.87 4.45 9.6 4.50 0.76 

MW 0.117 15.0 7.58 216 401.0 13.35 2.42 66.04 16.45 0.02 20.0 94.6 97.1 71.5 21.8 0.31 9.7 55.00 0.095 33.79 1.24 0.21 1.09 120.7 0.54 0.45 

ČW 31.7.05 0.354 12.8 8.14 172 387.0 13.31 2.36 64.14 16.44 BDL 28.1 177.0 88.2 4.5 8.5 0.19 BDL 9.00 0.044 12.67 3.27 0.54 2.17 5.1 1.57 0.35 

MW 0.086 13.1 7.69 211 327.0 14.22 2.82 70.78 18.26 0.04 20.5 91.5 99.8 80.1 23.4 0.25 BDL 70.00 0.028 45.31 1.27 0.18 1.09 220.1 1.07 0.67 

ČW 8.9.05 0.187 13.0 8.23 149 328.0 13.88 2.29 82.88 20.30 BDL 27.8 219.7 101.8 4.3 10.2 0.17 BDL 3.00 0.023 14.42 0.87 0.19 0.90 6.7 2.80 0.38 

MW 0.074 11.9 7.98 247 597.0 13.09 2.47 72.04 17.19 0.04 26.0 94.6 102.4 82.0 25.0 0.23 134.1 102.00 0.167 51.23 1.63 0.21 1.15 192.3 1.12 0.89 

ČW 4.10.05 0.210 12.2 8.47 192 588.0 13.32 2.47 84.13 19.82 0.06 19.7 219.7 103.0 3.2 11.4 0.17 BDL 9.00 BDL 14.70 1.57 0.23 1.08 5.7 2.72 0.50 

MW 0.068 8.2 7.93 173 579.0 13.46 2.37 75.82 19.25 BDL 15.3 85.4 104.7 82.6 23.4 0.19 68.5 149.00 0.114 79.35 2.19 0.34 1.86 316.1 1.89 1.38 

ČW 28.10.05 0.194 8.9 8.31 171 557.0 13.79 2.31 88.41 21.73 BDL 21.8 219.7 108.2 3.9 10.9 0.20 BDL 8.00 0.109 13.78 1.52 0.13 1.46 5.5 2.47 0.36 

MW 0.065 2.2 7.85 261 608.0 12.71 2.09 75.57 18.96 BDL 13.6 91.5 105.8 86.6 23.6 0.14 BDL 51.00 0.021 46.12 1.37 0.32 0.89 152.5 0.91 0.74 

ČW 17.12.05 0.185 4.6 8.41 305 598.0 12.47 1.85 86.79 21.31 0.02 18.8 207.5 108.2 4.7 10.9 0.13 BDL BDL 0.072 12.07 1.46 0.47 0.76 3.6 2.11 0.51 
 

DL: detection limit 
BDL: below detection limit 
ND: not determined 
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Figure 4. Box plots showing Zn (a, g), Cu (b, h), Pb (c, i), As (d, j), Mo (e, k) and Sb (f, l) concentrations for stream 
waters in Mokrsko (MW) and Čelina (ČW) watersheds sampled in different seasons. Boxes depict the interquartile 
range (IQR) of data; the line within each box is the median; the whiskers span the full range of the data. Open 
circles depict mild outliers (1.5×IQR); asterisks depict extreme outliers (3×IQR). 
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Table 3. Seasonal variations of speciation of Zn, Pb, Cu, As, Mo and Sb (in % of total speciation) in stream waters 
from Mokrsko (MW) and Čelina (ČW) watersheds calculated by PHREEQC code with the included MINTEQ.V4 
database. 
 

Element Complex MW ČW 
    Spring Summer Autumn Winter Spring Summer Autumn Winter 

Zn Zn2+ 84.4±3.9 84.5±1.7 80.3±3.8 82.6±4.4 61.5±5.3 61.2±6.0 59.7±9.7 72.1±10.3

 Zn(OH)+ 0.8±0.4 0.9±0.2 1.3±0.5 0.7±0.4 1.7±0.3 2.1±0.5 1.7±0.8 0.8±0.3
 Zn(OH)2 0.2±0.2 0.1±0.1 0.6±0.3 0.5±0.5 1.1±0.3 0.9±0.4 1.6±1.0 0.9±0.7

 Zn-carba 8.3±3.4 7.8±1.7 11.0±3.2 9.2±3.9 30.5±5.5 31.0±5.7 32.1±8.8 20.1±10.4
 ZnSO4 6.0±0.3 6.3±0.5 6.4±0.3 6.6±1.5 5.1±0.7 4.7±0.6 4.8±0.8 6.0±1.1

Pb Pb2+ 18.2±11.7 17.2±3.9 11.9±4.5 15.1±7.2 3.6±1.1 3.6±1.1 3.4±1.2 6.4±3.7

 Pb(OH)+ 13.1±2.1 11.5±1.3 15.3±2.0 15.1±2.2 8.5±1.4 7.3±0.7 8.7±1.5 11.9±4.2

 Pb-carba 65.0±8.0 67.4±3.9 69.6±5.0 65.5±7.9 86.8±2.8 88.2±1.4 86.8±2.5 79.8±8.7
  PbSO4 3.8±1.3 3.2±0.7 2.5±0.9 3.7±1.7 0.8±0.3 0.7±0.2 0.7±0.3 1.5±0.9

Cu Cu2+ 14.1±8.2 12.0±3.6 8.0±3.8 11.8±5.6 1.9±0.9 2.1±0.7 2.0±0.7 4.8±2.5

 Cu(OH)+ 4.7±0.4 5.4±0.5 5.2±0.4 4.4±0.6 2.6±0.3 2.8±0.2 2.4±0.3 2.7±0.9
 Cu(OH)2 1.0±0.5 0.7±0.2 1.7±0.7 1.6±1.0 1.4±0.2 1.1±0.3 1.7±0.6 1.6±0.6

 Cu-carba 78.8±8.1 78.3±3.7 81.7±5.0 79.5±8.5 94.0±1.4 93.3±0.6 92.9±1.7 90.0±3.9
As H3AsO3 0.0±0.0 0.0±0.0 0.1±0.1 5.5±11.6 0.0±0.0 0.0±0.0 0.1±0.1 5.0±10.5

 HAsO4
2- 82.6±10.3 83.0±4.5 90.2±4.0 82.6±13.6 95.1±1.8 93.8±1.8 94.9±1.6 87.5±11.7

  H2AsO4
- 17.4±10.3 16.9±4.5 9.7±3.8 11.9±4.3 5.0±0.9 6.1±1.8 5.1±1.6 7.5±2.4

Mo MoO4
2- 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0

Sb SbO3
- 99.9±0.0 99.9±0.0 99.9±0.0 99.9±0.0 99.9±0.0 99.9±0.0 99.9±0.0 99.9±0.0

 

aMetal-carbonate complex: Me(II)HCO3
+, Me(II)CO3(ag), Me(II)(CO3)2

2- 
 

exceeded. The only exception includes significant accumulation of As in stream sediment samples in 

MW, where the mean bulk As concentration exceeded nearly thirty times the maximum defined limit of 

30 mg kg-1 (Vyhláška č. 13/1994).  

The XRD analysis of the heavy stream sediment fraction indicated the presence of hornblende 

[Ca2(Mg4,Fe4,Al)5(Al,Si)8O22(OH)2], biotite [K(Mg,Fe)3AlSi3O10(F,OH)2], and minor ilmenite [FeTiO3], 

titanite [CaTiSiO5] and scheelite [CaWO4]. Clay minerals identified by XRD in MW and ČW indicated 

different proportions of mixed layered montmorillonite-chlorite [(Na,Ca)(Al,Mg)6(Si4O10)3(OH)6-nH2O – 

(Fe,Mg,Al)6(Si,Al)4O10(OH)8)], illite [K0.5(Al,Fe,Mg)3(Si,Al)4O10(OH)2], kaolinite [Al2Si2O5(OH)4] and 

vermiculite [(MgFe,Al)3(Al,Si)4O10(OH)2·4H2O]. In order to identify some of the metal- and metalloid-

bearing phases, we applied XRD analysis to hand-separated mineral phases from the heavy mineral 

fraction using a procedure recommended by Filippi et al. (2007). The XRD analysis of the hand-separated 

samples indicated major goethite [FeOOH] and minor hematite [Fe2O3] in MW and ČW and rare 

pharmacosiderite in MW (Table 4). Voltammetry and DRS confirmed predominance of goethite over 

hematite in the bulk samples and also detected small amount of poorly crystalline FOH (presumably 

ferrihydrite) in MW sample, while it was below detection limit in ČW sample. The detection limit of 

VMP for hematite and goethite is approx. 0.1 wt%, and for ferrihydrite is approx. 1 wt% (Grygar and van 

Oorschot 2002). The presence of FOH is consistent with oxalate/oxalic acid-extractable Fe fraction,
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Table 4. Selected mineral phases detected by XRD, VMP, DRS and EDS/WDS in of the heavy mineral fraction of stream sediment samples from Mokrsko (MW) and Čelina (ČW) 
watersheds. Zinc, Pb, Cu, As, Mo and Sb contents in the minerals were determined by microprobe analysis (normal numbers correspond to median content; italic numbers in the 
parentheses correspond to the minimum and maximum contents). 
 

  Mineral   n Zn  Pb Cu As Mo Sb 
Detection Limit [wt%]       0.069 0.039 0.102 0.039 0.034 0.024 
MW Fe oxyhydroxide *** 13 BDL (BDL-0.096) 0.072 (BDL-0.202) BDL (BDL-0.268) 5.304 (0.233-11.362) BDL (BDL-0.064) 0.036 (BDL-0.102) 
 Mn oxyhydroxide *** 7 BDL (BDL-0.090) BDL BDL (BDL-0.202) 0.888 (0.405-1.443) BDL 0.041 (BDL-0.070) 
 Jarosite * 4 BDL 0.865 (0.107-1.253) BDL 1.586 (0.922-2.120) BDL BDL 
 Pharmacosiderite * 4 BDL BDL BDL 24.066 (21.603-26.994) BDL BDL 
  Arseniosiderite * 4 BDL BDL BDL 26.713 (24.913-30.181) BDL BDL 
ČW Fe oxyhydroxide **** 14 0.161 (BDL-0.317) 0.128 (BDL-0.394) 0.120 (BDL-0.591) 0.160 (BDL-0.556) 0.042 (BDL-0.138) BDL 
  Mn oxyhydroxide **   ND ND ND ND ND ND 
 

Mineral frequency: ****very abundant, ***abundant, **common, *present 
n: number of electron microprobe analysis 
BDL: below detection limit 
ND: not determined 
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Figure 5. Backscattered electron micrographs of (a) As-bearing Mn oxyhydroxide from Mokrsko stream sediment 
(MW), (b) Pb-K jarosite (grey) and Ba pharmacosiderite (light) from MW stream sediment, and (c) Fe oxyhydroxide 
with an elevated Cu, Pb content from Čelina stream sediment (ČW). The mineral identifications are based on 
electron microprobe analysis. 

 

which is represented by 15.5% and 8.4% of the total sediment Fe in MW and ČW, respectively. This 

extraction provides an indication of poorly crystalline FOH such as ferrihydrite, and also partly of 

crystalline Fe hydroxides and oxides such as goethite and hematite (Dold 2003). Although we did not 

identified Mn oxyhydroxides (MOH) by the XRD, the VMP revealed frequency of MOH (presumably 

birnessite) in MW sediment (Table 4). On the contrary, the studied sample from ČW did not contain 

detectable amounts of MOH. The detection limit of VMP for Mn(III,IV) oxyhydroxides is approx. 0.1 

wt% (Grygar and van Oorschot 2002). Similarly, the oxalate/oxalic acid-extractable fraction of Mn 

indicated very significant Mn bonding to the oxyhydroxides, as this fraction corresponds to 68.3% and 

62.2% of the total sediment Mn in MW and ČW, respectively. These facts imply a high potentiality of 

MOH in a wide variety of oxidation-reduction and cation/anion-exchange reactions in MW and ČW 

stream sediment/water interface. The SEM/WDS study (i) confirmed the occurrence of the minerals 

identified by XRD in both heavy mineral fractions, (ii) confirmed high amounts of MOH in MW sample 

(Figure 5a) and less in ČW sample, (iii) and newly identified rare arseniosiderite and K-Pb jarosite 

[(K,Pb0.5)Fe3(SO4)2(OH)6] in MW sample (Figure 5b, Table 4).  

In order to quantify Zn, Pb, Cu, As, Mo and Sb bonding to different solid phases, we used 

microprobe for analysing the metal and metalloid contents in FOH, MOH, crystalline arsenates and K-Pb 

jarosite. The results with the detection limit of metals and metalloids are presented in the Table 4. Zinc, 

Pb, Cu and Sb in FOH and MOH were usually close to the detection limit of the microprobe (0.0X-0.X 

wt%). The metals in FOH from ČW (Figure 5c) were, however, always slightly higher than metals in 

FOH and MOH from MW. This fact corresponds well with the mean bulk concentration of Zn, Pb, Cu 

and Sb in the MW and ČW sediments (Table 1). In contrast to a low metal content, As in FOH from MW 

was very high (up to 11.4 wt%). High As bonding to FOH in MW sample does not support the view of 

simple As adsorption; instead, it is pointing to Ca-As arsenate coprecipitation (chapter 2) as the As highly 

correlates with Ca in FOH (R2=0.92, p<0.0001). 
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The formation of crystalline arsenates, jarosite, and FOH with high values of coprecipitated As in 

MW sediment as a mechanism of As and/or Pb removal from solution, as opposed to adsorption or 

substitution mechanisms, requires that the solubility of these minerals is exceeded (at least locally) and 

that mineral precipitation rates are fast compared with the rate of stream sediment porewater flow. 

However, speciation calculations of the stream water do not support the view of the formation of the 

minerals in stream sediment in situ, because the SI values of scorodite, Ca arsenate, and jarosite were 

always <0 in both MW and ČW stream waters. Finally, the occurrence of crystalline arsenates, jarosite 

and high-As FOH in stream sediment of MW are probably result of (i) erosion of upper soil horizons in 

MW, where they are the most important As carriers (chapter 2), and (ii) the thermodynamic, as well as 

kinetic barrier in mineral dissolution (Krause and Ettel 1989; Paige et al. 1997; Magalhães 2002). Metals 

and metalloids in the stream waters may be rather scavenged by an adsorption or substitution mechanisms 

of FOH and MOH, which precipitated in situ. These minerals may be represented by lower-As FOH and 

MOH in MW and ČW sediment samples. Adsorption and/or substitution mechanisms of As on the solid 

stream sediment have been already demonstrated by a continuous decrease of dissolved As in the 

Mokrsko stream with increasing distance from the gold deposit (chapter 2). 

 

 
 
Figure 6. Relationship of dissolved Mn concentrations to the significantly correlated concentrations of dissolved 
metals or metalloids (p<0.01): As (squares), Mo (circles) and Sb (asterisks). White squares, circles and asterisks 
correspond to the Mokrsko stream water (MW); black squares correspond to the Čelina stream water (ČW). 
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Figure 7. Box plots showing seasonal variations in saturation indices (SI) of ferrihydrite (a,d), birnessite (b, e) and 
gibbsite (c, f) for stream waters in Mokrsko (MW) and Čelina (ČW) watersheds. Boxes depict the interquartile range 
(IQR) of data; the line within each box is the median; the whiskers span the full range of the data. Open circles 
depict mild outliers (1.5×IQR). 

 

3.3.5. Seasonal partitioning of metals and metalloids onto solids 

A number of hydrologic and in-stream biogeochemical mechanisms can potentially explain 

seasonal dissolved-metal and metalloid variations. Significant correlations of oxyanions (As, Mo and Sb) 

with aqueous Mn (Figure 6) are supposed to be related to the precipitation and reductive dissolution of 

MOH in stream sediments. This suggestion is also supported by high amounts of reactive MOH identified 

by instrumental methods and oxalate/oxalic acid extraction in both watersheds. While the thermodynamic 

calculations show a strong undersaturation with respect to the most common Mn oxide in soil and 

sediment environment (birnessite) (Post 1999) (Figure 7b, e), the presence of MOH in the stream 

sediments indicated that the precipitation and/or dissolution of MOH are more likely microbially 

mediated (e.g., Villalobos et al. 2005; Saratovsky et al. 2006). Besides MOH, variations in seasonal 

precipitation/dissolution reactions of poorly crystalline FOH (Figure 7a, d) suggest additional factor for 

seasonal variations of oxyanions. This is supported by the presence of poorly crystalline FOH 

(presumably ferrihydrite) in sediments and by thermodynamic modelling of ferrihydite stability that 

displays the inverse seasonal patterns (Figure 7a, d) to As, Mo and Sb concentrations (Figure 4). While 

the thermodynamic modelling predicts the precipitation/dissolution reactions of FOH as the main factor 

controlling As, Mo and Sb concentration, the lack of correlation between these elements and dissolved Fe 

in both watersheds shows that the role of FOH is uncertain. The reductive dissolution of MOH and/or 

FOH and release of coprecipitated elements could have occurred in summer-autumn when oxygen 
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became depleted as photosynthesis decreased and respiration dominated (Bourg and Bertin 1994; Robbins 

and Corley 2005). This is mainly evidenced from the decrease of redox potential in summer and autumn 

(Figure 3) at low discharge. During these seasons, increased microbial respiration released higher 

amounts of organic compounds that might also play a significant role in reductive dissolution of MOH 

and/or FOH (Stone 1987). Similarly to the higher respiration activity, the summer and the autumn were 

also characterised by high concentrations of oxyanions in both MW and ČW stream waters (Figure 4). 

Considering the suggestion of the role of Mn redox reactions, it is important to note that metal cations 

(Zn, Pb and Cu) did not show any significant correlation with either aqueous Mn or Fe, thus the effect of 

other mechanisms must have controlled their dissolved concentrations in stream waters.  

 
Table 5. Chemical extraction Zn, Pb, Cu, As, Mo and Sb data for stream sediments in the Mokrsko (MW) and 
Čelina (ČW) watersheds. Results are given as mg kg-1 extracted metal or metalloid. 
 

    Zn Pb Cu As Mo Sb
MW 0.18 0.04 0.20 2.27 0.06 0.02
ČW 

CaCl2 0.11 0.02 0.14 0.37 0.01 0.01
MW 0.35 0.06 0.23 7.67 0.18 0.06
ČW 

NH4 acetate 
0.74 0.02 0.31 0.39 0.04 0.03

MW 0.29 0.19 0.44 22.42 0.11 0.11
ČW 

Na acetate 
0.43 0.05 0.39 0.95 0.07 0.08

MW 4.18 1.81 5.14 519.20 0.32 0.30
ČW 

NH4 oxalate 
10.44 1.18 6.91 9.27 0.15 0.22

MW 47.83 20.05 11.16 859.05 3.17 1.78
ČW 

Aqua regia 
82.62 24.48 30.76 26.02 3.39 1.59

 

The most likely mechanisms regulating aqueous metal cation concentrations in MW and ČW 

stream waters could be represented by the precipitation/dissolution reactions, and adsorption/desorption 

reactions. Thermodynamic modelling suggested that the stream waters in MW and ČW were 

undersaturated with respect to Zn, Pb and Cu phases that can be likely precipitated or dissolved in the 

oxic stream sediments throughout all seasons. Similarly, the sequester/release of metal cations by poorly 

crystalline oxyhydroxides was unlikely as their SI exhibited different seasonal trends (Figure 7) from the 

seasonal metal cation concentrations (Figure 4). Hence, it is likely that the concentrations of metal cations 

were rather controlled by sorption/desorption reactions. Cation adsorption should increase while anion 

adsorption should decrease whenever either pH or temperature increases (Nimick et al. 2003 and 

references therein). The effect of pH-dependence of the ion adsorption is largely due to a decreased 

protonation of solids (metal oxyhydroxides) as pH increases, resulting in a shift from a positive to 

negative surface charge (Dzombak and Morel 1990). The thermal dependence of adsorption of ions is 

mainly due to the fact that metal cation adsorption is endothermic and thus favoured by an increase of 

temperature while anion adsorption is exothermic and thus favoured by a decrease of temperature; in 

addition the surface charge on sorption substrates is temperature dependent, and this effect also increases 

cation adsorption as temperature increases (Barrow 1992). Therefore the adsorption, unlike the Mn redox 

reactions, can probably explain almost opposite seasonal trends of metal cations (Zn, Pb and Cu) as 
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compared to seasonal trends of pH and temperature in MW and ČW. The relative importance of pH and 

temperature in metal sorption reactions in the studied watersheds is unknown. However, relation between 

the higher amplitude of the concentration trends in MW than in ČW (Figure 4) and the higher amplitude 

of pH cycle in MW than in ČW (Figure 3) suggests that pH probably has a more substantial effect than 

temperature. Another factor that suggests the importance of pH-dependent adsorption is the relation 

between pH maxima and concentration minima of metal cations in the autumn at both watersheds (Figure 

4). Almost opposite seasonal trends of metal cations (Zn, Pb and Cu) with oxyanions (As, Mo and Sb) 

may also evidence some role of pH and temperature in seasonal variations of the oxyanions adsorption 

and desorption in addition to Mn and/or Fe redox reactions, but the relative importance of sorption 

processes is unknown. 

 

3.3.6 Single extractions: predictions of remobilisation 

Four single extractions were performed with the sediment samples of MW and ČW to estimate the 

potential remobilization of a fraction of metals and metalloids after changing the environmental 

conditions. Their most soluble fractions were determined using a weak diluted salt solution (0.01 M 

CaCl2). Use of this weak extractant, a low extractant/sediment ratio and a short shaking time allowed 

these concentrations to represent the amount of metal and metalloids easily remobilised by rainfall, 

snowmelt (Vidal et al. 1999) and available to sediment organisms (Novozamsky et al. 1993). Results of 

these and the other extractions are presented both in terms of absolute amounts (Table 5) and in terms of 

desorption yields (Figure 8). In terms of absolute amounts extracted, higher concentrations of all elements 

were leached from the MW sediment (Table 5). However, except As in MW sediments, no other element 

yielded values of the potential environmental risk. The 1M CH3COONH4 extraction is considered 

adequate to extract the ‘exchangable’ metal and metalloids, or those that could be potentially remobilised 

by ion exchange (Gleyzes et al. 2002). This extraction desorbed higher amounts of metals and metalloids 

than 0.01 M CaCl2 and higher amounts of Zn than CH3COONa (pH 5) extraction in both MW and ČW 

sediments, suggesting that ionic exchange may play a more important role in their potential 

remobilization. The 1M CH3COONa (pH 5) extraction can be considered to represent the fraction 

remobilised from carbonate minerals and exchangeable sites together (Gleyzes et al. 2002), or that 

released after acidification of the sediment to pH 5. The differences between CH3COONa (pH 5) and 

CH3COONH4 extractions display relatively low values, suggesting that acidification do not cause further 

relevant contaminant remobilization. Consequently, acidification-dependent remobilization still does not 

represent potential environmental risk for metals and metalloids with the exception of As in MW stream. 

The 0.2 M ammonium oxalate/0.2 M oxalic acid extraction provides an indication of the metals and As 

desorbed mainly from poorly crystalline Fe, Mn and Al oxyhydroxides. The results for this reductive (and 

complexing) extraction are notably different, and generally higher, than those of the CaCl2, CH3COONH4 

and CH3COONa (pH 5) extractions (Figure 8, Table 5), suggesting that the proportion of metals and 

metalloids, which may be released as a result of eventual sediment reduction, can be relatively large. 

These data also support the suggestion that metals and metalloids are bound mainly to FOH and MOH. 
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The reducible-fractions in both MW and ČW sediments show that, in terms of the desorption yield, the 

abundance of metals decreases in order As>Cu>Sb>Zn>Mo≈Pb. These results suggest potentially high 

environmental risk for As in MW stream where the reducible fraction yielded 60% (520 mg kg-1) of the 

total As. 
 

 
 
Figure 8. Chemical extraction Zn, Pb, Cu, As, Mo and Sb data for Mokrsko (MW) and Čelina (ČW) stream 
sediments. Results are shown as desorption yield percentages of total metal or metalloid concentration. 

 

3.4. Conclusions 
Seasonal fluctuations in dissolved Zn, Pb, Cu, As, Mo and Sb concentrations (<0.45 μm) as well as 

other physico-chemical parameters were documented in two successive years in stream waters of two 

watersheds located in Mokrsko and Čelina gold deposits in Central Czech Republic. While the watersheds 

differ in the level of metals and metalloids contamination in soil and stream sediments and mineralogical 

speciation, the seasonal variations of solute concentrations displayed similar trends in both watersheds. 
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The increase of metal cations (Zn, Pb, Cu) between 150% and 330% at winter-spring was synchronous 

with the pH and temperature decreases. Seasonal variations of oxyanions (As, Mo, Sb) were smaller 

(between 120% and 190%) and displayed opposite patterns to those of metal cations. Our data suggest 

that one or more in-stream biogeochemical processes rather than primary hydrologic changes probably 

control these variations in both watersheds. Some mechanisms, such as microbially mediated Mn and/or 

Fe redox reactions rather than adsorption likely could be important for dissolved As, Sb and Mo oxyanion 

concentrations. In contrast, adsorption is the only mechanism that can explain seasonal variations of the 

divalent metal cations (Zn, Pb, Cu). Respiration-induced pH changes were supposed to be the major cause 

of the seasonal variations in dissolved Zn, Pb and Cu in both watersheds, while the temperature 

oscillation had rather minor effect on the metal concentration. The results of mineralogical study 

indicated the abundance of inorganic substrates such as Mn and Fe oxyhydroxides that undoubtedly play 

an important role in the adsorption and coprecipitation processes. This observation is related to our single 

extraction results that exhibited high bonding of metals and metalloids to reducible fraction with 

decreasing order As>Cu>Sb>Zn>Mo and Pb. 
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Abstract 
Arsenic in natural waters and in soils represents a serious health hazard. Natural sources of this element in soil are 
the subject of this communication. Weathering mass balance of As and rates of weathering in soils are evaluated 
from monitored inputs and outputs in two small watersheds. These watersheds are located within the Čelina-
Mokrsko gold district, Czech Republic. Annual chemical weathering fluxes of As are calculated from the monthly 
weighted means of stream water and groundwater. The fluxes are corrected for atmospheric precipitation, 
agrochemical inputs, and biological uptake. Mechanical and chemical weathering rates of the arsenopyrite-bearing 
rocks in the watersheds were estimated from mass balance data on sodium and silica. The input of As due to total 
weathering of bedrock was estimated to be 1369 g ha-1yr-1 in the Mokrsko watershed (MW) and 81 g ha-1yr-1 in the 
Čelina watershed (CW). These results indicate that the annual weathering rate of As in the watersheds represents 
more than 95% of the total As input to the soil. Accumulation rate of As in the soil was estimated at 311 g ha-1yr-1 in 
MW and 69 g ha-1yr-1 in CW. The mass balance method for calculation of weathering rate of As was used, and the 
results suggest that weathering could be the most important process in the As biogeochemistry of the areas with 
elevated As content in the bedrock. Simple model of weathering and erosion can be used successfully in estimating 
their role in As pollution on the scale of small watershed. The method is also useful for indicating the mass balance 
of As in soils that is controlled by both the natural and anthropogenic inputs and outputs of As. 
 
Keywords: Arsenic; Čelina-Mokrsko gold district; Mass budget; Weathering rate 
 

4.1. Introduction 
The main external inputs of metals in soils consist of atmospheric deposition, litterfall, agricultural 

chemicals and industrial and domestic point sources of pollution. The internal input is usually considered 

to be negligibly small due to weathering of the bedrock and soil itself (e.g. Beneš, 1994; Pačes and 

Pačesová, 2001). However, the weathering input of metals in areas with high metal concentrations in 

bedrock, such as in sulphide deposits, could be by far the greatest source of metal pollutants hazardous to 

terrestrial ecosystems (e.g. Navas and Machín, 2002; Smedley et al., 2002; Frau and Ardau, 2003; Gieré 

et al., 2003; Frau and Ardau, 2004). 

Arsenic accompanies sulphide deposits, and its accumulation in soils and associated ground water 

can represent a very serious health hazard to plants, animals and humans (e.g. Sheppard, 1992). Arsenic 

released by weathering is available for coprecipitation with Fe, Mn and Al (hydro)oxides, complexation 

with humic substances, cation exchange reactions, root uptake and microbial immobilization (e.g. Hoins 

et al., 1993; Ali and Dzombak, 1996). An important chemical process within the sulphide-bearing 

bedrock that mobilizes As is the generation of soluble As species and free acidity in ground water 

(McCreadie et al., 2000; Schreiber et al., 2000). The free acidity manifested by low water pH mobilizes 
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As that have been fixed or sorbed on solid phases. Arsenic is leached from soils into the ground and 

surface waters. It is present in natural aqueous solutions as anions. Therefore, its geochemical behaviour 

is different from the behaviour of metals, which are present in soil solutions as cationic complexes. 

The goal of the present study is to estimate the As fluxes in the soil environment. This issue has 

been studied on the example of the Čelina-Mokrsko gold district that contains an elevated amount of 

arsenopyrite in the bedrock (Morávek et al. 1989). The deposits in the district have never been mined and 

therefore their oxidation zone has been preserved in its natural form. The extent of As pollution in the 

fields and meadows around the Mokrsko village indicates that levels of As in soil are >200 mg kg-1 over 

approx. 112 ha, >500 mg kg-1 over approx. 30 ha, and >1000 mg kg-1 over approx. 13 ha. Elevated As 

concentrations (500-1500 μg L-1) are also frequently encountered in the shallow wells in the Mokrsko 

village that were used as drinking water until the 1980s. The symptoms of As related diseases were 

verified among the local population in 1984 (Jílek, 1985). These factors make the deposits suitable and 

attractive for mass balance study, and these deposits can be considered as a natural laboratory 

representing in situ natural conditions. 

We have evaluated and compared the mass budgets of As in two small, geologically well-defined 

watersheds located within the district. The measured fluxes of elements include the input by atmospheric 

deposition and the output of dissolved elements by groundwater and stream water runoff. The input of As 

into soil due to weathering was calculated from the weathering rate of bedrock using a model of 

weathering developed by Pačes (1985). The output due to mechanical erosion was evaluated according to 

a model presented by Pačes and Pačesová (2001). 

 

4.2. Study sites 
The Čelina-Mokrsko gold district is situated in Central Bohemia (Czech Republic) approximately 

50 km south of Prague (Figure 1). The gold mineralization is developed in the Neoproterozoic volcano-

sedimentary rocks of the Jílové belt and in the marginal part of the granodiorite (Figure 1) of the Central 

Bohemian Pluton. Gold-bearing quartz veins and sheeted veinlets are the main type of mineralization 

occurring in the district (Morávek et al., 1989; Cliff and Morávek, 1995). Fine-grained gold is 

accompanied by accessory Bi minerals and Bi-Te minerals. The total amount of sulphide minerals in the 

gold mineralization is up to 3% by vol. Arsenopyrite and pyrrhotite predominate; pyrite is frequent only 

locally, while molybdenite, chalcopyrite and marcasite are common. The content of As in the mineralized 

rocks is up to 0.8%, due to the presence of arsenopyrite. The elevated As content in the bedrock is 

reflected in the As content in the soil cover (Janatka and Morávek, 1990; Filippi et al., 2004) and 

groundwater (Jílek, 1985; Drahota and Pertold, 2005). The arsenic concentration is up to 4000 mg kg-1 in 

soil and up to 1690 μg L-1 in groundwater. 

The weathering fluxes are estimated in the Mokrsko small watershed (MW) with the drainage area 

of 0.126 km2 and in the Čelina small watershed (CW) with the drainage area of 0.376 km2. The MW 
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represents the agricultural and highly As-mineralized part of the ore district, while the CW represents the 

forested and less As-mineralized part of the ore district. 

 

 
 
Figure 1. Location of Mokrsko (MW) and Čelina (CW) small watersheds in the Čelina-Mokrsko gold district. 
Geological map shows the location of Čelina-Mokrsko gold ditrict in the region south of the city of Prague in 
Central Bohemia. 
 
Table 1. Major characteristics of the watersheds in the Čelina-Mokrsko gold district during the period of 
monitoring. 
 

  Mokrsko Čelina 
Period of measurements March, 2003-April, 2004 March, 2003-April, 2004 
Type of basin Field Forest 
Bedrock Biotite-amphibole granodiorite Volcano-sedimentary complex 
Soil Eutric cambisol±gley soils Eutric cambisol 
Drainage area (km2) 0.126 0.376 
Forested area (%) 15 100 
Arable area (%) 65 - 
Grassland (%) 20 - 
Altitude (m a.s.l.) 387-489 295-470 
Mean slope (%) 7.1 28.5 
Anthropogenic impact Agriculture + fertilization Sporadic harvesting 
Annual precipitation (mm) 434 434 
Annual stream discharge (mm) 32 34 
Annual groundwater discharge (mm) Estimated to 9 - 
pH of precipitation 5.09 ± 0.77  (n = 23) 5.61 ± 0.75  (n = 23) 
pH of runoff 7.45 ± 0.26  (n = 59) 7.83 ± 0.36  (n = 70) 

 

The MW is located in the northern part of the gold district near the village of Mokrsko (Figure 1). 

The area of MW is 15% forest land with mixed forest, and 20% of MW is grass-covered. Barley, maize, 
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and potatoes are rotated crops grown over 65% of the MW area. This agricultural area is fertilized with 

industrial fertilizers and smaller amounts of manure. MW is underlain by biotite-amphibole granodiorite. 

It contains quartz, K-feldspar, plagioclase (An23-40), and variable amounts of biotite, amphibole and 

chlorite. On the basis of 30 rock and 97 soil analyses in the area of MW (Janatka and Morávek, 1990; 

Morávek, 1991), the average As value in the rock and soil of MW is 1401±1055 mg kg-1 and 496±691 mg 

kg-1, respectively (Table 1). High values of standard deviations correspond to the irregular As distribution 

in the rock and soil of the watershed. The soil thickness in the steeper part of the forested area of MW is 

0.5 to 2 m. The flat part of the agricultural fields is covered by soil from 2 to 5 metre thickness (Morávek, 

1991). Additional characteristics of MW are listed in Table 1 and Table 2. 

 
Table 2. Average chemical data of Si, Na and As concentrations used in the mathematical model. 
 

    Mokrsko   Čelina 
    Aver. n S.D.   Aver. n S.D. 
Si in bedrock, crock,Si g kg-1 302.26 16 11.33  295.15 30 46.73 

Si in regolith, crglth,Si g kg-1 294.55 22 21.07  286.68 6 11.69 

Na in bedrock, crock,Na g kg-1 23.67 16 1.85  22.60 30 11.85 

Na in regolith, crglth,Na g kg-1 17.85 22 3.45  15.54 6 1.24 

As in bedrock, crock,As mg kg-1 1401.3 30 1055.0  200.0 9 47.1 

As in regolith, crglth,As mg kg-1 495,6 97 690.8  205.2 130 142.8 

As in stream sediment, cstream,As mg kg-1 867.6 5 295.7  34.4 5 11.7 

As in stream water, crun,As μg L-1 150.32 12 50.05  5.24 12 3.25 

As in ground water, cgrun,As μg L-1 761.10 6 124.16  - - - 

As in atmospheric deposition, catm,As μg L-1 1.01 12 0.84   1.01 12 0.84 
 

The n values are number of analysis; the S.D. values are standard deviations of the variations of element 
concentration. The average values in bedrock are obtained from six boreholes within the area of MW and two 
boreholes in CW (Morávek, 1991). The average values in regolith are obtained from detailed soil prospection 
(125m×25m) (Janatka and Morávek, 1990). 

 

The CW is located between the Mokrsko and the Čelina gold deposits. The area of CW is 99% 

forest land (Figure 1). The vegetation of CW is 75% coniferous (Picea Abies and Pinus silvestris) and 

25% deciduous (Fagus Sylvatica and Quercus robur). Anthropogenic impact occurs only through 

sporadic felling of timber. Fertilizers have not been used during the monitoring period. The bedrock of 

CW is composed of slightly metamorphosed Proterozoic tuffs with interlayers of metasediments; the 

bedrock contains amphibole, plagioclase (An36-50), quartz and variable amounts of biotite, muscovite, 

chlorite and pyroxene. The concentration of As in the bedrock does not exceed one thousand mg kg-1; the 

average concentration of As is 200±47 mg kg-1 (Table 2). The average As concentration in the soil is 

205±143 mg kg-1 (Table 2). Steep slopes (28.5%), which predominate in CW, are covered mainly by 

stony eutric cambisol. Maximum thickness is 1.2 m. Stone debris in the soil is agglutinated by Fe-

oxyhydroxides and oxides (goethite, ferrihydrite) (Drahota and Pertold, 2005). The major geographic and 

hydrologic characteristics of CW are summarized in Table 1 and Table 2. 
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Long-term mean air temperature at the nearest weather station is +7.5 °C and long-term mean 

precipitation rate is 566 mm. 

 

4.3. Theory 
The rate of arsenopyrite dissolution (chemical weathering of arsenopyrite) is several orders of 

magnitude faster than dissolution of aluminosilicate minerals (Walker et al., 2006). However, long-term 

chemical weathering rate of arsenopyrite in a watershed is limited by the rate of mechanical and chemical 

weathering of the bedrock. The weathering front moves into the rock at certain rate, which controls long-

term dissolution rate of soluble minerals in the bedrock such as arsenopyrite. 

The integral mass balance in a watershed comprising an ore body is schematically shown in Figure 

2. For As this mass balance can be expressed by a specific form of the following equation: 

P·dcrglth,As/dt = Fatm,As+Fagr,As+Fmewth,As+Fchewth,As-Fup,As-Frun,As-Fgrun,As-Fmeerosion,As 

All symbols used in this paper are summarised in Table 3. 

 

 
 
Figure 2. Fluxes of element i between a hydrologic watershed and its surroundings. Input fluxes include chemical 
weathering of bedrock [Fchewth,i], mechanical weathering of bedrock [Fmewth,i], atmospheric precipitation [Fatm,i] and 
anthropogenic input [Fagr,i]. Output fluxes are represented by mechanical erosion of soil [Fmeerosion,i], biological 
uptake [Fup,i], stream discharge [Frun,i] and groundwater flow [Fgrun,i]. 

 

Field based weathering and erosion fluxes of elements are difficult to measure directly and are 

generally determined by differences in the element mass balances (Pačes, 1983; White and Blum, 1995; 

Oliva et al., 2003; Conceição and Bonotto, 2004). Uncertainties of these calculations are often associated 
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with the unsteady state of vegetation, forest floor and soil pool of elements. Such uncertainties are also 

implied for As. Arsenic can accumulate in soil and biomass or can be depleted: 

P·dcrglth,As/dt ≠ Fup,As ≠ 0 

An alternative approach is to look at the budget of an element that is not significantly affected by 

ion exchange or biomass uptake, such as sodium or silicon (Pačes, 1985; Pačes, 1986; Stauffer and 

Wittchen, 1991; White and Blum, 1995).  

Fup,(Na,Si) = P·dcrglth,(Na,Si)/dt = 0 

The weathering and erosion fluxes of As are calculated from the mass balance data according to the 

method described by Pačes (1985) and Pačes and Pačesová (2001). The calculation involves following 

assumptions and equations: 

(i) Steady state for sodium and silicon in soil: 

dcrglth,(Na,Si)/dt = 0  

In such case, the input of sodium and silica resulting from chemical and mechanical 

weathering of bedrock can be calculated from a steady state mass balance equation: 

Fmewth,(Na,Si)+Fchewth,(Na,Si) = Frun,(Na,Si)+Fgrun,(Na,Si)+Fmeerosion,(Na,Si)+Fup,(Na,Si)-Fatm,(Na,Si)-Fagr,(Na,Si) 

(ii) Total weathering rate of bedrock is related to the total weathering flux of Na, Si and As: 

Wrock = (Fmewth,(Na,Si,As)+Fchewth,(Na,Si,As))/crock,(Na,Si,As) 

(iii) Mechanical erosion of the soil is related to the erosion flux of Na, Si and As: 

Mrglth = Fmeerosion,(Na,Si,As) / crglth,(Na,Si,As) 

Combination of the above equations can yield the rate of mechanical erosion of the soil: 

Mrglth = {[(Fatm,Na+Fagr,Na-Fup,Na-Frun,Na-Fgrun,Na)/crock,Na]-[(Fatm,Si+Fagr,Si-Fup,Si-Frun,Si-Fgrun,Si) 

/crock,Si]}/[(crglth,Na/crock,Na)-(crglth,Si/crock,Si)] 

and the total weathering rate of the bedrock: 

Wrock = (Fup,Na+Frun,Na+Fgrun,Na+Fmeerosion,Na-Fatm,Na-Fagr,Na)/crock,Na   = (Fup,Si+Frun,Si+Fgrun,Si+Fmeerosion,Si-Fatm,Si-

Fagr,Si)/crock,Si 

The rate of chemical weathering (dissolution of bedrock) is calculated from the mass balance of the 

cations of the major rock forming oxides: 

Crock = -Σ (Fatm,i+Fagr,i-Fup,i-Frun,i -Fgrun,i)·(moxide,i/ni.mi) 

The sum includes all major elements composing the bedrock except oxygen (Na, K, Ca, Mg, Si, 

Al).  

The difference between the total weathering and the chemical weathering equals the rate of 

mechanical weathering (disintegration): 

Mrock = Wrock-Crock 

The fluxes of As due to chemical and mechanical weathering can now be calculated from the values 

of the chemical and mechanical bedrock weathering and As concentration in the bedrock:  

Fchewth,As = Crock·crock,As 

Fmewth,As = Mrock·crock,As 
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The erosion flux of As due to mechanical erosion in stream is calculated from the values of soil 

erosion rate and As concentration in stream sediments: 

Fmeerosion,As = Mrglth·cstream,As 

Now, we have obtained all the fluxes of As in the mass balance equation. The current accumulation 

(dcrglth,As /dt>0) or depletion (dcrglth,As/dt<0) of As in the soil of the watersheds results from the mass 

balance between the natural and anthropogenic inputs and outputs. 

 
Table 3. List of symbols in equations. 
 

t Time [yr] 
moxide Relative molecular mass of an oxide of chemical element i 
ni stochiometric coefficient of cation i in oxide 
mi Atomic mass of chemical element i 
P Constant defined as P = σ·h·(1-p/100) 
σ Density of regolith [kg m-3] 
h Thickness of regolith [m] 
p Porosity of regolith in % of volume in situ 
crglth,i Concentration of a chemical element i in regolith including soil [g kg-1] 

crock,i Concentration of a chemical element i in bedrock [g kg-1] 

cstream,i Concentration of a chemical element i in stream sediment [g kg-1] 

Wrock Total weathering rate of bedrock [kg ha -1yr-1] 

Crock Chemical weathering (dissolution) rate of bedrock [kg ha-1yr-1] 

Mrock Mechanical weathering (disintegration) rate of bedrock [kg ha-1yr-1] 

Mrglth Mechanical erosion rate of regolith due to runoff stream water [kg ha-1yr-1] 

Fx,i Flux of a major element i [kg ha-1yr-1] or trace element i [g ha-1yr-1] by transport mechanism x 
Fwth,i Input of an element by total weathering 
Fchewth,i Input of an element by chemical weathering (dissolution) 
Fmewth,i Input of an element by mechanical weathering (disintegration) 
Fatm,i Input of an element by total atmospheric deposition 
Fagr,i Input of an element by the application of agrochemicals 
Fmeerosion,i Output of an element by mechanical erosion in stream 
Fup,i Output of an element by biological uptake 
Frun,i Output of dissolved element by runoff of stream water 
Fgrun,i Output of dissolved element by runoff of ground water 
dcrglth,i/dt  Mass balance (rate of accumulation or depletion) of an element in regolith 
 

4.4. Materials and Methods 
4.4.1. Outputs through stream and groundwater 

The output flux from the watersheds is calculated from the discharge flow and its chemical 

composition in the runoff water. The discharge was measured weekly at the overfall weirs (Figure 1 – a 

sites) using a timer and a 10 litre bucket. The sampling of the stream water for chemical analysis was 

performed in the discharge site of the watersheds once a month from May 2003 until April 2004 with 12 

sampling periods. 
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The discharge via groundwater at CW is negligible compared to the stream flow as result of steep 

topography and very thin regolith (including soil) at the site of the stream discharge. The lower part of 

MW at the stream discharge is nearly flat (Figure 1) and underlain by 3 to 5 m of regolith. The 

groundwater flow at MW is therefore more significant. The comparison of the evapotranspiration rates at 

similar small watersheds in the Bohemian Massif to MW (Navrátil et al., 2003) suggests that about 20 to 

30% of the total water discharge corresponds to groundwater. This proportion corresponds well to the 

specific groundwater discharge in the surrounding area (Krásný et al., 1982). The annual outputs of the 

elements via groundwater were estimated from the estimation of the groundwater flow rate and from the 

average groundwater composition from the borehole at the stream discharge site of MW (Figure 1 – c 

site). 

 

4.4.2. Atmospheric inputs 

Sampling of the atmospheric deposition was carried out once a month in the vicinity and/or directly 

in the watershed areas (Figure 1 – b sites). The bulk precipitation (open field measurements) was sampled 

on a forest clearing and near the stream discharge site of MW (Figure 1). Samples of the average 

throughfall were collected in the mixed forest adjacent to the Čelina stream discharge site (Figure 1). 

Throughfall was collected in nine sampling plastic bottles equipped with glass funnels.  The mouth of the 

glass funnel was protected from falling organic debris and insects by a small glass bubble. Devices for 

throughfall sampling were evenly distributed over a 20 m×20 m square plot. The species growing in the 

plot (spruce, beech, pine) represent the average species composition of the forest surrounding the studied 

area. The sampling of bulk precipitation and throughfall followed the procedure described by Berg et al. 

(1994). The procedure of sampling and handling was tested with blanks to avoid sample contamination or 

loss of the analyte.  

Total deposition rate for Ca, Mn, Mg, K, Si and Al was estimated from the canopy flux balance 

according to the method of Bredemeier (1988). The total deposition rate for As was estimated from the 

bulk deposition measurement in the watersheds. The use of the bulk deposition measurement neglects the 

unknown impact of canopy processes on aerial interception of As aerosols and metabolic cycling of this 

element. 

 

4.4.3. Biological uptake and anthropological input 

The mean values of the net uptake of Na, Ca, Mg, K, Si, Al and As by the spruce, beech, grass, 

barley, maize and potato species were derived by combining estimates of the element concentrations in 

the tree biomass (stem wood in the tree species) in the Čelina-Mokrsko gold district (Bezvodová, 1996; 

Janatka, 1997; Skřivan et al., 2002) with the mean annual biomass increments (Sequens, 1998). 

Anthropogenic input in the fields of MW includes fertilization and sowing. The quantity of the 

applied fertilizer during the period of measurements was recorded. The applied quantity multiplied by 

mean concentrations of elements in fertilizers (Beneš, 1994) was summed and used as annual 

anthropogenic input. 
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4.4.4. Analytical methods 

Water samples for the determination of As were filtered in situ through 0.45-μm membrane filters 

(Sartorius, type 11306-47-N) and acidified with HNO3 to pH<2 (Merck, Suprapur). Na, K, Mg, Ca, Al, Si 

were also stabilised in solution by HNO3 to pH<2 (Merck, Suprapur), but the samples were left unfiltered. 

The contents of the elements were determined by flame atomic absorption spectrometry (FAAS, Perkin 

Elmer 3100) at the laboratory of the Czech Geologic Survey (Barrandov, Prague); arsenic was determined 

by ICP MS (VG Elemental PQ 3) at the laboratory of the ÚGMNZ (Faculty of Science, Prague). NIST 

1640 standard reference material (trace elements in natural waters) was used throughout all the 

determinations. The precision of most analyses was between 2 and 3%, except for As analyses which had 

a precision of ±0.5%; this information was obtained from three analyses of the same sample that were 

done during a set of analytical runs. Results falling below the detection limit were set to 0.5 DL for 

purposes of fluxes calculation. All samples were collected in polyethylene bottles cleaned with 2% HNO3 

and washed in deionised water. The pH of the samples was measured in situ with a calibrated portable pH 

meter (Handylab). 

The sieved fraction (<2 mm) of soil and stream samples was milled in agate mortar to analytical 

grade. The major components were determined using total digestion in aqua regia and/or sintering of 

samples and subsequent chemical analyses. Arsenic determination was carried out by hydride generation 

atomic absorption spectroscopy (HGAAS) at the laboratory of the Czech Geologic Survey (Barrandov, 

Prague). 

 

4.5. Results  
The data in Tables 2 and 4 were used to calculate total, chemical and mechanical weathering rates 

of the bedrock and mechanical erosion of the soil. The weathering and erosion rates correspond to the 

weathering of biotite-amphibole granodiorite (MW) and metamorphosed tuffs and metasediments (CW) 

in the Čelina-Mokrsko district. The calculated data are summarized in Table 5. 

 
Table 4. Measured and estimated fluxes of major elements [kg ha-1yr-1] in the studied watersheds. 
 

  Mokrsko   Čelina 
  Fatm,i Frun,i Fgrun,i Fup,i Fagr,i   Fatm,i Frun,i Fup,i 
Na 1.775±0.003 4.935±0.143 2.211±0.023 0.000 0.001  1.798±0.004 4.556±0.134 0.000 
Si 0.700±0.006 1.986±0.050 1.028±0.011 0.000 -  0.700±0.005 2.708±0.074 0.000 
K 2.779±0.010 0.801±0.024 0.275±0.007 61.684 0.001  2.814±0.036 0.672±0.019 0.645 
Ca 2.891±0.006 26.894±0.749 12.810±0.155 13.695 0.002  2.928±0.010 25.250±0.751 1.195 
Mg 0.693±0.002 6.501±0.174 2.366±0.034 6.708 0.001  0.702±0.003 6.211±0.173 0.176 
Al 0.418±0.001 0.053±0.003 0.083±0.001 0.324 -  0.289±0.000 0.048±0.003 0.056 
 

The fluxes Fatm,i and Frun,i are the arithmetic means of 12 monthly values. The ± values are standard deviations of the 
monthly variations. The flux Fgrun,i in the Mokrsko watershed is the arithmetic mean of 6 bimonthly values. The 
fluxes Fup,i and Fagr,i are calculated from the mean concentration of element i in the biomass and the fertilizer used in 
the watershed, respectively. 

 



Geochemical model of arsenic at the Mokrsko gold deposit                                               Dissertation of Petr Drahota 

 72

The fluxes of As due to chemical and mechanical weathering of the bedrock (Figure 3) are 

calculated using the values of the bedrock weathering rates (Table 5) and the average As concentration in 

the bedrock (Table 2). The flux of As due to mechanical erosion of soil (Figure 3) is calculated using the 

value of mechanical erosion of soil (Table 5) and the average concentration of As in stream sediment 

(Table 2). 

 
Table 5. Calculated rates of bedrock weathering and soil erosion in the watersheds [kg ha-1yr-1]; the proportion of 
individual fluxes are expressed in percents of total input and output. 
 

    Mokrsko Čelina 
Wrock  kg ha-1yr-1 977.0 401.4 

Mrock kg ha-1yr-1 798.6 356.7 

Crock kg ha-1yr-1 178.5 44.7 

Mrglth kg ha-1yr-1 994.7 406.3 
Input fluxes of As 
Fmewth,As % 81.5 84.7 
Fchewth,As % 18.2 10.6 
Fatm,As % 0.3 4.7 
Fagr,As % 0.04 - 
Σ % 100.0 100.0 
Output fluxes of As 
Fmeerosion,As % 81.3 89.5 
Fup,As % 1.9 0.6 
Frun,As % 4.8 10.0 
Fgrun,As % 12.1 - 
Σ % 100.0 100.0 

 

Figure 3 and Table 5 indicate the individual inputs and outputs of As in the watersheds. The input 

due to mechanical weathering entirely predominates in both watersheds (81.5% and 84.7% of the total As 

input in MW and CW, respectively), and is followed by the input due to chemical weathering (18.2% in 

MW and 10.6% in CW). Atmospheric precipitation supplies 0.3 and 4.7% of As in the soil of MW and 

CW, respectively. Input of As by the application of agrochemicals in MW is negligible according to 

chemical analysis of agrochemicals applied in local fields. 

Individual output fluxes exhibit different proportions. The mechanical erosion is the major output 

mechanism for As (81.3% in MW and 89.5% in CW), while the stream and groundwater output 

[Frun,As+Fgrun,As] is smaller (16.9% in MW and 7.0% in CW). In the lowland discharge site of MW, the 

output of As by groundwater (12.1% of total As output) is larger than the output by stream water (4.8% of 

total As output). Uptake by plants represents a very small portion of the total output (1.9% in MW and 

0.6% in CW). 

 

4.6. Discussion 
As could be expected from the calculation method, weathering rates of As are directly related to the 

concentration of As in the bedrock and to the rates of bedrock weathering. 
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The calculated total weathering rates of the bedrock in the studied watersheds are significantly 

different (Table 5). The reason of the difference is not obvious; however, differences in the bedrock 

composition and the effects of ploughing and acidification due to modern agriculture may play a 

substantial role. In contrast, the effects of the mean slope and rooted vascular plants, which dominate at 

CW, are less important. 

 

 
 
Figure 3. Calculated and measured fluxes of As and its mass balance at the Mokrsko and Čelina watersheds. 

 

The rates of mechanical erosion in the watersheds are slightly faster than the total weathering rates 

(Table 5). This is probably due to the fact that (1) the soil of the watersheds contains organic material in 

addition to clastic material derived from the bedrock, (2) agriculture in the lowland MW uncovers fresh 

soil for surface runoff and wind erosion and/or (3) the landscape is not in a steady state and the 

topography of the watersheds corresponds to a relatively juvenile stage of the development. 

The input of As into soil in the watersheds is governed by chemical and mechanical weathering of 

bedrock. Calculated input of As by mechanical weathering predominates. Real values of mechanical 

weathering flux of As could, however, be expected lower than calculated values, and the values of real 
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chemical weathering flux higher than calculated values. This consideration is based on the following 

evidence. Soluble mineral phases in the oxidation condition of regolith, such as arsenopyrite, do not fill 

exactly the assumption of the chemical weathering calculation method because chemical weathering rate 

of arsenopyrite in the oxidation conditions is several orders of magnitude faster than chemical weathering 

of major alumosilicate minerals in the bedrock (Malmström et al., 2000; Mihaljevič et al., 2004; Walker 

et al., 2006; Yunmei, 2004). It could be expected that some part of arsenopyrite dissolve prior to 

mechanical weathering of alumosilicate bedrock. The field evidence confirms this assumption; 

arsenopyrite was not found in the soil and the stream sediments of the studied watersheds (Morávek, 

1991; Drahota and Pertold, 2005). Only at the base of regolith profiles, Filippi et al. (2004) rarely 

identified scarce arsenopyrite relicts replaced by secondary arsenate minerals. The field evidence of rare 

arsenopyrite in the regolith suggests that at least a part of arsenopyrite in the bedrock is weathered by 

mechanical weathering. Finally, the real values of As chemical weathering flux in the watersheds could 

be expected between the calculated As flux of chemical weathering representing a minimum value and 

the total weathering flux representing a maximum value (250 and 1369 g ha-1yr-1 in MW, and 9 and 81 g 

ha-1yr-1 in CW). The input of As by atmospheric deposition and application of fertilizers is of negligible 

importance (Table 5, Figure 3). 

Similar research conducted in Vocadlo watershed (VW), located in agricultural countryside of 

Central Bohemia (Pačes and Pačesová, 2001), indicates that the input of As is governed mainly by 

atmospheric precipitation followed by application of fertilizers and agricultural chemicals. The input of 

As due to chemical and mechanical weathering of bedrock is of minor importance, although the rates of 

bedrock weathering are comparable with MW. The difference in input distribution of As between the VW 

and watersheds in this study is due to different As concentration in the bedrock and different fluxes of 

atmospheric deposition. 

Mechanical erosion of soil removes As five times and nine times faster than the chemical erosion, 

which is represented by the output of dissolved As in stream and ground water in MW and CW, 

respectively. The rate of chemical erosion is, however, much faster in MW (16.9%) than in CW (7.0%). 

This fact is most likely related to the local pattern of groundwater circulation and to the subsurface 

reducing conditions with high As concentration in groundwater at the MW discharge site. The output due 

to biological uptake in the watersheds is less important. In contrast, the output of As in VW is more 

evenly distributed between mechanical erosion, biological uptake and chemical erosion (Pačes and 

Pačesová, 2001). High proportions of As output by chemical erosion and biological uptake in VW are 

probably related to large input of As by atmospheric deposition that is responsible for bioavailable and 

mobile As in soil of the watershed. 

We estimated the accumulation rates of As from the calculated and measured fluxes of As using the 

mass balance equation. Arsenic accumulates in the watersheds with rates 311 g ha-1yr-1 in MW, and 69 g 

ha-1yr-1 in CW (Table 5, Figure 3). These values indicate the accumulation of 23% and 85% of As 

released from bedrock weathering in MW and CW, respectively. Similar result was determined by Pačes 

and Pačesová (2001) in VW. They determined the accumulation of 61% of As from the total input of As 
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in the watershed. The comparison of the proportional accumulation rates in MW and CW corresponds to 

the different As content in the soil and bedrock in the watersheds (Table 2). Similar concentration of As 

in the soil and bedrock in CW is caused by strong As adsorption in CW soil. Comparing to MW, the soil 

above the volcano-sedimentary complex (CW) contains large quantity of Fe-oxyhydroxides (ferrihydrite), 

goethite and hematite (Drahota and Pertold, 2005), which are effectively involved in adsorption of As. 

The soils in CW are usually more acidic (pHH2O 4.8±0.6) than the soil in MW (pHH2O 6.7±0.3) (Filippi et 

al., 2004). This fact also indicates high adsorption property of Fe-oxyhydroxides and goethite in CW 

because the adsorption maxima for retention of arsenate by ferrihydrite and goethite are at approximately 

pH 4-5 (Pierce and Moore, 1982; O`Reilly et al., 2001). Filippi et al. (2004) found that Fe-oxyhydroxides 

and goethite from soil above the volcano-sedimentary rock of the district contain up to 4.6 and 6.5 wt% of 

As, respectively. In contrast, secondary arsenate minerals in the soil of CW are very rare. 

The proportional accumulation rate of As in MW is much lower than the proportional accumulation 

rate in CW. Similarly, the average concentration of As in the soil of MW is about three times lower than 

the As concentration in the bedrock (Table 2). The difference between the proportional accumulation 

rates of As in MW and CW is probably caused by the effects of moderately reducing conditions and low 

iron content in the soil system of MW; these effects are favourable for high chemical erosion of As by 

groundwater and stream flow. Equilibrium of moderately reducing conditions in soil solution and the 

presence of K-Ba- or Ca-Fe and Fe-arsenate minerals in the soil of MW result in high As concentrations 

in the groundwater of MW (Sadiq, 1997). Although the distribution of As in the groundwater and soil in 

MW is variable (Janatka and Morávek, 1990), there is a tendency for some of the high As concentrations 

to occur in local depressions with high groundwater level (e.g. discharge site of MW). These depressions 

are the centres of convergent local flow. They act as significant discharge zones during periods of higher 

groundwater levels. During the period of measurements, the climate was dry (annual precipitation was 

about 25% lower than long-term annual precipitation at the nearest weather station) and it lowered the 

groundwater level at the discharge site of MW. In this case, the calculated rate of As accumulation in the 

soil of MW is probably related to the low degree of aquifer flushing during the period of measurement, 

and the long-term values of As accumulation rate in soil of MW could be expected yet lower than 

calculated values. 

The employed weathering model serves as an indication of trends that control the mass balance of 

As in the soil. Moreover, the model can be used for calculating the weathering and erosion rates of 

different metals; however, further research is needed to clarify the accuracy of the method.  
 

4.7. Conclusions  
The MW and CW small watersheds within the Čelina-Mokrsko gold district provide a natural 

laboratory for studying the rates of As weathering and erosion fluxes because the field characteristics of 

these watersheds (insignificant anthropogenic impact, high content of As in the bedrock, etc.) are suitable 

for the application of mass balance method. 



Geochemical model of arsenic at the Mokrsko gold deposit                                               Dissertation of Petr Drahota 

 76

The method used for calculating the weathering rates of As from the bedrock assumes that As is 

weathered at the same rate as the bedrock. The present results, however, indicate that in estimating 

mechanical and chemical weathering fluxes of As, attention should be paid to the relative solubility of 

As-bearing mineral phases in the bedrock. The annual weathering rates of As in the studied watersheds 

are found to be by far the greatest As input to the soil in comparison to the annual atmospheric deposition 

and application of agrochemicals. The input of As due to the total weathering of bedrock was estimated to 

be 1369 g ha-1yr-1 in MW and 81 g ha-1yr-1 in CW, which represent 99.7% and 95.3% of the total As input 

to the soil, respectively. The differences in the weathering fluxes of As between the watersheds are 

related to the different weathering rates of granodiorite and volcano-sedimentary bedrock and to the 

different As concentration in the bedrock in the watersheds. The method is also useful for indicating mass 

balance of As in the soil. The accumulation of As represents 23% and 85% of As released from bedrock 

weathering in MW and CW, respectively. 

The model focuses on the role of weathering and erosion in As biogeochemistry on a watershed 

scale. The model is too simple to represent exact As behaviour in the ecosystem of watershed. However, 

it can serve successfully as an estimation of inputs and outputs, which control the mass balance of As in 

soils. 

 

Acknowledgements 
This research was financially supported by Rio Tinto Technology Development Ltd., project No. 79-50281 
(EMOZMiD), Grant Agency of Charles University (GA UK No. 339/2004/B GEO), and project of the Geological 
Institute of the Czech Academy of Science AVOZ30130516 and Project No. K6005114. The contribution by T. 
Pačes was supported by the Scientific Centre “Advanced Remedial Technologies and Processes”, Code 1M0554, 
Programme Research Centres PP2-DP01, Ministry of Education, Youth and Sports of the Czech Republic. We 
would also like to thank Jan Drahota and Petr Chvojka for their help in the field. This paper has benefited from 
comments by M. Filippi and anonymous reviewers, which are gratefully acknowledged. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Geochemical model of arsenic at the Mokrsko gold deposit                                               Dissertation of Petr Drahota 

 77

CHAPTER 5.  Environmental issues and open questions 
 

A striking feature of As occurrence in waters at the Mokrsko gold deposit is its variability over 

hydrologically small spatial intervals (centimetres to metres). Temporal variations may be similarly 

erratic but are not known for the pore-water and groundwater. This variability is a reflection of the 

interplay among changes in the chemical composition and redox state of groundwater, microbial activity, 

and adsorption and precipitation processes in subsurface that are established and evolved within the 

overall hydrologic framework. Our mineralogical-geochemical evidence and modelling point out the 

importance of the goechemical regime where redox potential is intermediate between the stability fields 

for oxidised Fe(III) oxyhydroxides and secondary arsenate minerals, and the field where Fe and/or As 

sulphides are stable. In this intermediate redox state at circumneutral pH, conditions generally favour 

partitioning of As to solution. Dissolved As concentrations remain difficult to predict quantitatively 

because they are controlled by rates of dissolution and precipitation of Fe(III), arsenate and sulphide 

minerals and their solubilities, and by competing pH-dependent adsorption reactions. Within this general 

framework, however, we can predict that the hydrogeochemical states at the Mokrsko gold deposit are at 

high risk for contamination by naturally occurring As. These conditions include high content of organic 

matter and nitrogen, high rates of microbial reduction creating anoxic conditions and the limited amount 

of reactive iron and/or sulphur. In areas with large groundwater recharge such as those around the 

Mokrsko village, oxygen is rapidly depleted in the subsurface. In anoxic conditions, other electron 

acceptors such as nitrate, sulphate, ferric iron, and arsenate become important for microbial respiration. 

Reduced arsenite is released from anoxic environments into the intermediately oxic groundwaters in wells 

and into the oxic stream waters. The release of As to these solutions and its concentration to high 

hazardous levels, which vary seasonally, depend on the amount of available iron and manganese in the 

soil and stream sediment systems, on the rate of reductive dissolution of Fe(III) oxyhydroxides and 

arsenate minerals. 

 

The results of the thesis answer some As-related questions raised at the beginning of my PhD 

project and substantially contribute to the quantitative biogeochemical model of As at the Mokrsko gold 

deposit. The research presented in this dissertation has, however, also opened new questions and possible 

future directions in As research. The main open questions are: 

 

• What is the scale-dependence of arsenopyrite weathering rate?  

There have been a variety of experimental studies addressing the kinetics of arsenopyrite oxidation 

by ferric iron or oxygen at low or circumneutral pH (e.g., Fernandez et al., 1996; Ruitenberg et al., 1999; 

Mihaljevič et al., 2004; Yunmei et al., 2004; Walker et al., 2006; McKibben et al., 2008). However, there 

is no data of arsenopyrite weathering kinetics inferred from field studies. Our preliminary results indicate 

that the rate of arsenopyrite oxidation in the watersheds within the Čelina-Mokrsko gold district, 0.4×10-14 

to 1.8×10-14 mol m-2 s-1 (calculated according to a model presented by Pačes, 1983), is approximately four 
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orders of magnitude lower than laboratory rates determined under similar pH conditions (Mihaljevič et 

al., 2004; Walker et al., 2006). The characteristics of the watershed needed for the evaluation of the field 

based rate constant of arsenopyrite dissolution rate were: (1) the fraction of the surface of rock occupied 

by the arsenopyrite (0.007); (2) the mean thickness of permeable rock (20 m); the mean porosity of water-

saturated rock (0.2); the specific wetted surface area of rock (2×105 m2 m-3); (4) the specific weathering 

flux of arsenopyrite, related to the unit surface area of the watershed (1.3×10-7 to 5.8×10-7 mol m2 yr-1) 

(Drahota et al., 2006). The most probable reason for the difference between the rates derived in the 

laboratory and in the field is the history of the surfaces of reacting arsenopyrite. On the contrary to the 

fresh surfaces for the experiments, the arsenopyrite surfaces in the natural system are many thousands of 

years old, and largely covered by the weathering products (Filippi et al., 2007), which act as inhibitor of 

dissolution. In addition, the large and fresh surface of arsenopyrite in the experiments is probably 

characterised by larger number of defects which dissolve faster than the smooth, rounded surfaces 

characteristic for very old and leached surfaces. These microscopic properties of surface area are not 

incorporated in the evaluation of the field derived constant of arsenopyrite dissolution. 

Such unresolved scale-dependence of the weathering rates seriously limits our ability to extrapolate 

laboratory results to other scales and conditions. This extrapolation is necessary for quantifying 

environmental impacts. The unusually wide range of observation scales from small batch experiments to 

watershed, for which data are available for sulphide (arsenopyrite), makes the Mokrsko gold deposit a 

potentially useful model system for further investigating the scale-dependence of arsenopyrite weathering 

rates.  

 

• What are the solubility data for pharmacosiderite and arseniosiderite? 

The stability of pharmacosiderite and arseniosiderite is currently of particular concern in relation to 

their disposal as a residue from mineral-extraction operations (e.g., Paktunc et al., 2004) or in relation to 

their natural occurrence as a weathering product (e.g., Yi and Lairen, 1991; Morin et al., 2002; Borba and 

Figueiredo, 2004; Filippi et al., 2004). While the solubility and stability of scorodite (Dove and Rimstidt, 

1985; Krause and Ettel, 1989; Zhu and Merkel, 2001; Langmuir et al., 2006) as well as its dissolution 

kinetics (Harvey et al., 2006) were extensively studied, similar data for pharmacosiderite and 

arseniosiderite do not exist. The conversion of pharmacosiderite to arseniosiderite and their conversion to 

Fe oxyhydroxide does occur (chapter 2), accompanied with the release of As to solution, and as such 

understanding and controlling their solubilities is of special relevance in effort to limit As releases to soil 

and pore-water. 

Specific part of the problems related to the solubility of discrete As-bearing substrates in Mokrsko 

soils represents interpretation of the results of sequential extractions in terms of binding of As to specific 

minerals (c.f., Poňavič, 2000; Filippi et al., 2007; Doušová et al., 2008). It is important to note that the 

sequential extraction only divides As content of a test sample into portions soluble in particular reagents 

under particular conditions. Whilst these reagents are often selected with the intention that they should 

target well-defined mineral phases (and may indeed do so in many cases) such specificity cannot be 
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guaranteed. Hence, interpretation of the results of sequential extraction in terms of binding of As to 

specific minerals is unjustifiable, unless additional, X-ray-based, analytical techniques are applied to the 

residues at each stage in the extraction to identify precisely the remaining solid components. 

 

• What is the role of microbial interactions in As mobility? 

Field investigations have shown striking prevalence of As(III) in oxic environments at the study site 

that generally correlates with high organic matter abundance, suggesting that the nonequilibrium 

conditions were microbially mediated (chapter 2). In addition, our preliminary study on the distribution of 

organic As species also detected biomethylated As species (MMA and DMA) in the surface waters, pore-

water and groundwater. Arsenic was found to accumulate near the anoxic-oxic boundary, suggesting that 

its mobility may be mediated in part by redox-sensitive sorption-dissolution reactions (chapter 2). 

Arsenic-reducing bacteria may play a substantial role in these processes. Sulphate-reducing bacteria may 

influence As mobility either by direct enzymatic As reduction or indirect As reduction resulting from 

sulphidogenesis. Depending on prevailing redox conditions, sulphidogenesis may lead either to soluble 

As(III) production or precipitation of As sulphides. Similar observations have been made in highly 

reducing environments of the study site (chapter 2). Seasonal oxidation and reduction reactions involving 

Mn substantially affect the concentration of soluble As in stream waters at the deposit (chapter 3). These 

reactions are commonly microbially mediated (Stumm and Morgan, 1996). Our results emphasize the 

importance of understanding biologically mediated processes affecting As(III)/As(V) cycling, 

precipitation/dissolution and adsorption/desorption reactions in the biogeochemical model. 
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