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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 
majority of elements, with the decreasing order of abundance 
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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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1. Purpose of 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 
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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 
 

 
2. An overview of the contents 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), 
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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. 

 
  
3. Results and conclusions  

3.1. Conclusions and environmental implications of the paper 
“Mineralogical and geochemical controls on arsenic mobility 
under different redox conditions of soil and sediment, Mokrsko 
gold deposit, Czech Republic” 

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 the figure, 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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Biogeochemical model of arsenic 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 of the dissertation. 

 
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 
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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 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. 

 
 
3.2. Conclusions of the paper “Seasonal variations in Zn, Pb, Cu, As, 

Mo and Sb chemistry in two small watersheds at the Mokrsko-
Čelina gold deposits, Czech Republic” 

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. 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. 

 
 
3.3. Conclusions of the paper “Weathering and erosion fluxes of 

arsenic in watershed mass budgets” 

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. 
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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. 

 
 
4. 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, 
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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 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.  
 

 9



Petr Drahota            Summary of Dissertation  
 

• 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 (viz. 3.1.), 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 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 (viz. 3.1.). 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 (viz. 3.1.). 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 (viz. 3.1.). Seasonal 
oxidation and reduction reactions involving Mn substantially affect the 
concentration of soluble As in stream waters at the deposit (viz. 3.2.). 
These reactions are commonly microbially mediated (Stumm and Morgan, 
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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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