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Abstract

The presented dissertation attempts to contribute to the current knowledge on the arsenic
(As) mineralogical speciation in diverse types of solid materials, such as contaminated soils and mine
wastes.

Introductory part of the dissertation provides a general introduction to As chemical and
physical characteristics and to the behavior in the environment, with the main emphasis on As solid
phase speciation in soils and mine wastes.

Next part of the dissertation summarizes and briefly evaluates mineralogical methods to the
study of primary and secondary As-bearing phases. The main aim is to help with better orientation in
the application of these methods. The literature review showed that although a rank of modern
methods have been developed in last years (HAADF-STEM, AFM, BFM, PIXE, XAS techniques, ND,
etc.), there remain several established methods (XRD, SEM, etc.) as a starting step for mineralogical
research. Some other group of methods has been found as possible useful for the study of As solid
phase speciation (e.g., RS, DTA, TGA, Vis DRS, VMP).

The main part of the dissertation is presented as a set of three papers on similar subjects
published in scientific journals - Environmental Geology, Science of the Total Environment and
Geoderma.

The following geochemical and mineralogical methods and approaches were used to achieve
the particular aims (summarized collectively): soil samples were characterized by its pH, chemical
composition (by X-ray fluorescence, XRF), carbonate, humus, exchangeable cations and H*, and
oxalate extractable Fe contents. Mineralogical and chemical speciation of the As was studied by
mineralogical methods and sequential extraction: the As-bearing minerals were concentrated by
several ways (panning, heavy fluids) and determined using X-ray diffraction analysis (XRD), the
Debye-Scherrer powder method, scanning electron microscopy equipped with an energy-dispersive
microanalysis (SEM-EDX), electron microprobe analysis (EMPA) and Raman spectroscopy.

The first published paper titled “Arsenic in contaminated soils and anthropogenic deposits at
the Mokrsko, Roudny, and KasSperské Hory gold deposits, Bohemian Massif (CZ)” describes research of
the soil, mine tailing, and waste dump profiles above three mesothermal gold deposits in the
Bohemian Massif with different anthropogenic histories. The amorphous hydrous ferric oxides, As-
bearing goethite, K-Ba- or Ca-Fe- and Fe- arsenates pharmacosiderite, arseniosiderite, and scorodite,
and sulphate-arsenate pitticite were determined as products of arsenopyrite or arsenian pyrite
oxidation. The As behaviour in the profiles studied differs in dependence on the surface morphology,
chemical and mineralogical composition of the soil, mine wastes, oxidation conditions, pH, presence of
(or distance from) primary As-mineralisation in the bedrock, and duration of the weathering effect.
Although the primary As-mineralisation and the bedrock chemical composition are roughly similar,
there are distinct differences in the As behaviour amongst the Mokrsko, Roudny and Kasperské Hory
deposits.

The aims of the second paper titled “Oxidation of the arsenic-rich concentrate at the Prebuz
abandoned mine (Erzgebirge Mts., CZ): mineralogical evolution” were: i) To study the oxidation of two
most common primary As minerals, arsenopyrite and I6llingite, stored in a unique anthropogenic
deposit; and ii) To evaluate As contamination in the close surroundings of this deposit. The studied

concentrate (ore concentrate with up to 65 wt.% of As) contains very small proportion (<5 vol.%) of
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gangue minerals such as quartz and feldspars; the oxidation of arsenopyrite and léllingite (and
accessory pyrite) is thus practically not complicated by interference with additional minerals and
elements. Arsenolite, scorodite, kaatialaite and native sulphur were found to be the main secondary
phases originating by dissolution of arsenopyrite and I6llingite. New secondary phases precipitate on
the surface of the ore-concentrate body but also form cement among the grains of finely milled
material. The following succession of secondary minerals was determined: arsenolite, scorodite +
native sulphur and kaatialaite. Significant As migration into the proximal environment was revealed:
2580 and 13,622 mg.kg! were the highest arsenic concentrations in two sections excavated at
distances of 0.5 and 1.5 m from the concentrate body.

The third paper titled “Mineralogical speciation of arsenic in soils above the Mokrsko-west gold
deposit, Czech Republic” was aimed at the natural soil profiles contaminated by As at the Mokrsko
gold deposit. The aims of the paper were: i) To determine mineralogical speciation of As throughout
the whole soil profiles. ii) To verify a possible relationship among some selected pedological
parameters and As-bearing secondary minerals. iii) To test a representative sample of sequential
extractions developed for soils contaminated by As and compare the obtained data with knowledge
accomplished during the mineralogical studies. Results were compared and discussed regarding the
two different types of soil environment: i) soil developed above the flat unforested granodiorite
bedrock and ii) soil developed above the volcanosedimentary bedrock in a sloping forested area. Iron
(III) oxyhydroxides; K(-Ba) pharmacosiderite, arseniosiderite, scorodite, and jarosite were identified
as products of arsenopyrite. Arsenates of varying chemical compositions dominate the soil above the
granodiorite, while goethite, minor hematite and other indistinguishable FOHs are observed in the soil
above the volcanosediments. The diversity and stability of the As secondary minerals in the studied
soils are influenced partly by variation in the bedrock composition and mainly by the
presence/absence of vegetation cover which mirrors in various contents of exchangeable Ca®*, content
of Fe oxalate, and pH. The results of the sequential extraction show an average to high As retention
by these soils, when As was extracted during the third and fourth extraction steps (NH4-oxalate
buffer, ascorbic acid) in most samples. This finding indicates that As is more mobile in soils where
arsenates dominate over well crystallized iron (III) oxyhydroxides.

Key words: soil, mine wastes, applied mineralogy and geochemisty, arsenic (As), As solid
phase speciation, secondary As minerals
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Abstrakt

Cilem predkladané disertace je prispét k dosavadnim znalostem o arsenové (As) mineralogické
speciaci v rlznych typech pevnych materiall jako jsou kontaminované pldy a ddini odpady.

Uvodni ¢ast disertace poskytuje obecné piehled o chemickych a fyzikalnich viastnostech As a
jeho chovani v prostfedi. Hlavni diraz je kladen na speciaci As v pevné fazi v pldach a ddlnich
odpadech.

Dalsi cCast disertace shrnuje a stru¢né zhodnocuje mineralogické metody pouzivané pro
studium primarnich a sekundarnich As obsahujicich fazi. Hlavnim cilem je usnadnit v orientaci pfi
aplikovani téchto metod. Revize literatury ukazala, Zze ackoliv bylo v poslednich letech vyvinuto mnoho
modernich metod (HAADF-STEM, AFM, BFM, PIXE, XAS techniky, ND, aj.), stéle zde zlstavaji nékteré
osvédCené metody (XRD, SEM, aj.), které mohou byt povazovany za jakysi startovni krok pro
mineralogické vyzkumy. Nékteré dalSi skupiny metod byly pro studium speciace As v pevné fazi
zjistény jako potencialné uzite¢né (napf¥., RS, DTA, TGA, Vis DRS, VMP).

Hlavni ¢ast disertace je prezentovéana formou t¥i &lankd s podobnym zaméFenim publikovanych
ve védeckych Casopisech Environmental Geology, Science of the Total Environment a Geoderma.

Pro dosazeni jednotlivych cild byly vyuZity nasledujici geochemické a mineralogické metody a
pristupy (shrnuto spole¢né): pldni vzorky byly charakterizovdny pomoci pH, chemického slozeni
(stanoveno rentgenovou fluorescenci, XRF), obsahem karbonatu, humusu, vyménitelnych bazickych
kationtd a vymé&nitelného H* a obsahem oxaldtového Fe. Mineralogickd a chemicka speciace As byla
studovana mineralogickymi metodami a sekven¢ni extrakci: As obsahujici minerdly byly nékolika
zplsoby koncentrovany (ryZovani, t&Zké kapaliny) a uréovény pomoci rentgenové difrakce (XRD),
Debye-Scherrerovou praskovou metodou, skenovaci elektronovou mikroskopii vybavenou energiové
disperznim analyzadtorem (SEM-EDX), elektronovou mikroanalyzou (EMPA) a Ramanovou
spektroskopii.

Prvni publikovany ¢&lanek nazvany ,Arsen v kontaminovanych pldach a antropogennich
deponiich na zlatych loZiscich Mokrsko, Roudny a Kasperské Hory, Cesky masiv (CZ)" popisuje vyzkum
pldnich, odkalistnich a haldovych profili nad tfemi mezotermalnimi loZisky zlata s rozdilnou
antropogenni historii. Amorfni hydratované oxidy Zeleza, As obsahujici goethit, K-Ba- nebo Ca-Fe- and
Fe- arsenaty farmakosiderit, arseniosiderit a skorodit, a sulfoarsenat pitticit byly uréeny jako produkty
oxidace arsenopyritu a arsenového pyritu. Chovani As se ve studovanych profilech lisi v zavislosti na
morfologii povrchu, chemickém a mineralogickém slozeni pld a ddlnich odpadl, oxidacnich
podminkach, pH, pfitomnosti (nebo vzdalenosti od) primarni As mineralizace v horninovém podlozi a
dobé zvétravani. Ackoliv jsou primarni As mineralizace a chemické slozeni hornin relativné podobné,
jsou zde zretelné rozdily v chovani As na jednotlivych lokalitach.

Cily druhého ¢lanku nazvaného ,Oxidace arsenem bohatého koncentratu na opusténém dole
Pfebuz (Krusné hory, CZ): mineralogicky vyvoj" byly: i) studium oxidace dvou béznych primarnich As
minerall arsenopyritu a l6llingitu deponovanych v unikatni antropogenni deponii; ii) zhodnotit As
kontaminaci v tésném okoli této deponie. Studovany koncentrat (rudni koncentrat s obsahem az 65
hm.% As) obsahuje jen velmi malé mnozstvi (<5 vol.%) hluginovych minerald jako kiemen a Zivce;
proto oxidace arsenopyritu a I6llingitu (a akcesorického pyritu) probihd prakticky bez dalich minerald
a tedy prvk{. Jako hlavni produkty rozpoust&ni rudnich minerall byly zjistény arsenolit, skorodit,

kaatialaite a ryzi sira. Tyto nové vznikajici sekundarni faze vznikaji na povrchu koncentratu, ale také
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jako cement mezi zrny jemné namletého rudniho materidlu. Byla zjiSténa nasledujici sukcese tvorby
sekundérnich minerald: arsenolit, skorodit + sira a kaatialait. Bylo také zjisténo, Ze v okoli haldy
koncentratu dochazi ke kontaminaci As, kdy nejvySsi obsahy ve dvou kopanych sondach ve
vzdalenosti 0,5 m a 1,5 m byly stanoveny 2580, resp., 13,622 mg.kg™.

Treti ¢lanek nazvany ,Mineralogickd speciace arsenu v pldach nad loZiskem Mokrsko-zapad,
Ceska republika® byl zaméfen na piirodné kontaminované pddni profily nad timto loZiskem. Cile tohoto
¢lanku byly: i) uréit mineralogickou speciaci As v celych pddnich profilech. ii) Ovéfit mozné vztahy
mezi vybranymi pldnimi parametry a vyskytem As minerald. iii) Otestovat zastupce metod sekvenéni
extrakce vyvinuté pro posouzeni chemické speciace As v kontaminovanych pldach a porovnat ziskané
vysledky s vysledky mineralogického studia. Vysledky byly hodnoceny predevsim s ohledem na dva
odlidné typy pldniho prostfedi, tj. pldu vyvinutou v rovném nezalesnéném terénu nad
granodioritovym  podlozim a pddu vyvinutou na svahu v zalesnéném terénu nad
vulkanosedimentarnim podlozim. Fe (III) oxyhydroxidy; K(-Ba) farmakosiderit, arseniosiderit, skorodit
a jarosit byly identifikovany jako produkty zvétravani arsenopyritu. Arsenaty s variabilnim chemickym
slozenim dominuji v pddach nad granodioritem, zatimco goethit, minoritni hematit a dal$i nerozli$ené
oxyhydroxidy Fe pFevladaji nad vulkanosedimenty. Diverzita a stabilita sekundarnich As minerald je ve
studovanych pldach ovlivnéna &aste¢né odlisnostmi ve sloZeni horninového podloZi a predevsim
odli§nymi obsahy vyménitelného Ca®*, obsahem oxaldtového Fe a odlidnym pH. Vysledky sekvenéni
extrakce ukazuji, Zze As je ve studovanych pldach vazan relativné siln&, kdy vétsina As byla vylouZena
ve Ctvrtém louzicim kroku (kys. askorbova pufrovana NH4 oxalatem). Vysledky také ukazuji, ze As
vazany v arsendtech v pldé nad granodioritem je ponékud mobiln&j$i nez As vazany na Fe(III)

oxyhydroxidy v pldach nad vulkonasedimenty.

Kli¢ova slova: plda, dlini odpady, aplikovand mineralogie a geochemie, arsen (As), speciace

As v pevné fazi, sekundarni As mineraly
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Preface

Field of interest, its topicality and relevance

Arsenic-bearing minerals were already mined by ancient civilizations (e.g. Ascue and Nriagu,
1994; O’Neill, 1995). Historically, arsenic (As) was used for medicinal purposes in the treatment of
ailments such as trypanosomiasis, amoebic dysentery and syphilis (Ascue and Nriagu, 1994; Eisler,
1994). Consequently, the poisoning effects of As on live beings in case of strong exposure have been
known since very long time (Nriagu, 2002). However, the toxic effects caused by low-level and long-
term exposure result in chronic As poisoning (arsenicosis) were recognized only recently (e.g.,
Stohrer, 1991; Chappell et al., 1994; Nriagu, 1994; Liu et al., 2002; Ng et al., 2003).

Nowadays, As is still in the focus of wide public attention mainly due to heavy poisoning of
hundreds of thousands people in Bangladesh and West Bengal and in other areas around the world
(see e.g., Chatterjee et al., 1995; Das et al., 1995, 1996; Chen et al., 1999; Matschullat, 2000; Berg
et al., 2001; Guo et al., 2001; Chakraborti et al., 2002; Ahmed et al., 2004; Vahter et al., 2006).
Accidents with As poisoning related to drinking water provoked the legislation in many countries into
tightening up the limits for As in drinking water (WHO, 1993; USEPA, 2001).

From 1990 to February 2007, about 17,000 papers have been published on As and its mineral
species in different fields (Web of Science data). However, despite the multitude of data on As
behavior in the different environmental compartments, from the lithosphere to the anthroposphere,
many quantitative data published earlier are questionable, mainly due to analytical problems and
oversimplified sampling methods (Matschullat, 2000). Moreover, after the application of more
sensitive analytical facilities and more suitable techniques, As compounds became to be determined
more commonly, and As behavior was found to be more complex than formerly assumed. These facts
arose wide interest in this element. For about the last three decades, the As distribution, bonding and
properties have been studied in all constituents of the geosphere. The speciation of As in, and its
influence on, the living organisms are studied very attentively (see e.g., Eisler, 1988; Burguera and
Burguera, 1997; Chappell et al., 1998; Cobb et al., 2000; Langdon et al., 2001; Sancha and Castro,
2001; Jung et al., 2002; Zhang et al., 2002; Alam et al., 2003; Langdon et al., 2003; Cava-
Montesinos et al., 2005; Bruneel et al., 2006; Serafimovski et al., 2006; Schaeffer et al., 2006;
Weldon and MacRae, 2006; etc.)

A complex study should be carried out for the identification of As bonding in the uppermost
part of the Earth’s crust and for the prediction of its behavior under variable environmental conditions.
A combination of chemical and mineralogical approaches with laboratory experiments and geochemical
modeling is useful and sometimes necessary.

As referred to by Pfeifer et al. (2004), there are many experimental studies focused on the
sorption and extraction behavior of As in pure materials (e.g., Goldberg and Glaubig, 1988; Xu et al.,
1988; Raven et al., 1998; Lin and Puls, 2000; Goldberg, 2002) as well as on theoretical predictions
based on thermodynamic data (e.g., Brookins, 1988; Davis and Ashenberg, 1989; Vink, 1996; Sadiq,
1997). Not so many papers deal with natural materials such as soils that have been enriched in
synthetic As compounds (Manning and Goldberg, 1996; Smith et al., 1999).

In the last two decades and mainly in recent years, many papers deal with sites contaminated
by industrial and/or mining activities (e.g., Voigt et al. 1996; Dhoum and Evans, 1998; Corwin et al.
1999; luillot et al., 1999; Weiss et al., 1999; Daus et al., 2000; Roussel et al., 2000; Savage et al.,
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2000; Lumsdon et al. 2001; Williams, 2001; Craw et al. 2002; Courtin-Nomade et al., 2003; Fukushi
et al. 2003; Matera et al. 2003; Néel et al. 2003; Van Herreweghe et al. 2003; Frau end Ardau 2004;
Ferreira da Silva et al. 2004). On the other hand, fewer papers concern soil contamination by natural
sources (e.g., Jacobs et al., 1970; Dudas, 1987; Bowell, 1994; Morin et al., 2000; Strawn et al.,
2002).

As implies from the above cited papers, contaminated soils and different types of mine wastes
are important systems on the Earth’s surface from the viewpoint of As mobility/stability. These
settings are significant reservoirs providing As for the biosphere (food chains of living organisms),
atmosphere (gas migration via biomethylation and wind transport of solid particles) and hydrosphere
(interaction with rainfall, surface water, groundwater and soil waters). Arsenic behavior in soils and in
other related materials depends mainly on the type of As bonding and on physico-chemical properties
of soils (mine wastes).

The association of As with clay minerals, ferric (III) oxyhydroxides and organic matter has
been well established and widely studied by many authors (see e.g., Bowell, 1994; Manning and
Goldberg, 1996; Lin and Puls, 2000; Manning et al., 1998; Davis et al. 2001; Grafe et al., 2001;
Randall et al., 2001; Goldberg, 2002; Cao et al., 2003; Sherman and Randall, 2003; Ko et al., 2004;
Fernandez et al., 2005; Warwick et al., 2005). However, a much lesser attention was focused on As
bonding to secondary As minerals in the contaminated soils and mine wastes (see e.g., Pierrot, 1964;
Morin et al., 2000; Frau and Ardau, 2004; Paktunc et al., 2004). The main reasons for this are
probably the scarcity and substantial dispersal of the secondary As minerals in such environments,
their intergrowths with other minerals and often also an unknown structure of individual secondary

phases. All these facts make the investigation of secondary As minerals difficult.

Purpose of the dissertation

Identification of As mineralogical/chemical bond is essential for all studies focused on As
behavior in the uppermost part of the Earth’s crust. Complex knowledge may be achieved only by a
study of both the natural and anthropogenic inputs of As into the systems. Moreover, the application
of computer models of As behavior in the environment as well as the developing of remediation
procedures for treatment of contaminated areas depend closely on the quality of these data.

The presented dissertation attempts to contribute to the current knowledge on the As
mineralogical speciation in diverse types of solid materials, such as contaminated soils and old mine
wastes. The aims of individual selected topics are presented in more detail in introductions to the

particular chapters; however, the main objectives were:

A brief summary of the existing knowledge of secondary As mineralogy in highly contaminated
soils and mine wastes

- A summary of the mineralogical approaches for the determination of As-bearing minerals in
soils and mine wastes

- Determination of the As contents and main As-bearing minerals in the Quaternary sediments
and soils at Mokrsko, Roudny and Kasperské Hory

- A detailed characteristic of the distribution of secondary As-bearing minerals throughout the

Mokrsko soil profiles
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- Determination and evaluation of the soil properties and their importance for the stability of As-
bearing minerals at the Mokrsko locality

- Testing of the sequential extraction as a commonly used chemical tool for the evaluation of As
speciation at the Mokrsko locality

- Identification of the secondary products of the arsenopyrite and Iéllingite oxidation in the
unique As-rich dump from the case locality of Pfebuz, and a preliminary evaluation of their

environmental hazard

An overview of the contents of the dissertation

First Chapter of this dissertation provides a general introduction to As chemical and physical
characteristics and to the behavior in the environment, with the main emphasis on As solid phase
speciation in soils and mine wastes. It also contains a brief summary of the secondary As minerals
that have been mentioned in the literature as important As carriers in this type of environment.

Chapter 2 is an important part of the dissertation. It summarizes and briefly evaluates
mineralogical approaches to the study of primary and secondary As-bearing phases. This chapter will
be submitted as a review-type publication to an appropriate international journal after some
adjustment. As stated in Section 1 of this Preface, As behavior in the environment is a modern and
widely studied subject. As a result, a huge number of papers have been published (cf., Section
References). In this situation, review articles help significantly with the orientation in various parts of
As investigations (cf. e.g., Matschullat, 2000; Smedley and Kinnisburgh, 2002; Ng et al., 2003;
Langdon et al. 2003; Wang and Mulligan, 2006); Chapter 2 can be thus considered a useful result of
this dissertation.

The main part of the dissertation is presented as a set of three papers on similar subjects
published in scientific journals - Environmental Geology, Science of the Total Environment and
Geoderma (Chapters 3, 4, and 5, respectively). Therefore, some repetition of the background and
methods occurs in some sections.

The first published paper “Arsenic in contaminated soils and anthropogenic deposits at the
Mokrsko, Roudny, and Kasperské Hory gold deposits, Bohemian Massif (CZ)” has its origin in the
diploma thesis of the author. Some new chemical and mineralogical data were added to the previous
results. The paper compares the As contents at three different localities with roughly similar primary
mineralization and monitors As solid phase speciation in contaminated soils as well as in mine tailings
and mine wastes of different ages.

Afterwards, a new research started at the very specific Pfebuz locality. The principal aims
were: i) To study the oxidation of two most common primary As minerals, arsenopyrite and I6llingite,
stored in a unique anthropogenic deposit; and ii) To evaluate As contamination in the close
surroundings of this deposit. Unfortunately, after ca. 50 years of repose, this deposit was removed
suddenly and the research could not be completely finished. A preliminary mineralogical evaluation
was published in the paper titled “Oxidation of the arsenic-rich concentrate at the Pfebuz abandoned
mine (Erzgebirge Mts., CZ): mineralogical evolution.”

Further work was focused on the Mokrsko locality again, which was selected for the good
knowledge of its geology and the high As contents in naturally contaminated soils. After disclosing the

occurrence of arsenates and ferric oxides and oxyhydroxides in selected soil samples (Filippi et al.,
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2004), three main purposes were followed: i) To determine mineralogical speciation of As throughout
the whole soil profiles. ii) To verify a possible relationship among some selected pedological
parameters and As-bearing secondary minerals. iii) To test a representative sample of sequential
extractions developed for soils contaminated by As and compare the obtained data with knowledge
accomplished during the mineralogical studies. The results were published in the paper titled
“Mineralogical speciation of arsenic in soils above the Mokrsko-west gold deposit, Czech Republic.”
Finally, the Chapter 6 tries to briefly outline the possible ways for future research planned by

the author of this dissertation.
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CHAPTER 1. Basic data on arsenic with emphasis on

As-bearing minerals in soils and mine wastes

1.1. Arsenic as a chemical element

1.1.1. Basic data

The name arsenic comes from the Persian word Zarnikh meaning "yellow orpiment". Zarnikh
was borrowed by Greek as arsenikon. Orpiment is a bright yellow mineral composed of arsenic sulfide
(As,S3). Historians say that As was discovered in 1250 C.E. by Albertus Magnus, a German monk who
spent his life studying and classifying natural materials. It is believed that he heated soap and
orpiment together and isolated elemental arsenic.

Arsenic (As) is a metalloid, member of group V of the periodic table, which combines readily
with other elements, manly it is very similar chemically to phosphorus (P), due to similar ionic radii
(Peryea, 1991; Darland and Inskeep, 1997; Reynolds et al., 1999; Hongshao and Stanforth, 2001;
Violante and Pigna, 2002). Especially in aerated systems, the As(V) ions closely resemble
orthophospate ions (Walsh et al., 1977). Elemental As is found in two solid modifications: yellow,
which is unstable, and gray/metallic that is stable. The metallic modification is a steel grey, very
brittle, crystalline solid. It tarnishes in air and when heated it oxidizes to As trioxide which has an
odour of garlic. Selection of main characteristics of the As is listed in Table 1.

Table 1. Basic characteristics of the arsenic

Name Arsenic

Symbol As

Date of Discovery Known to the ancients

Discoverer Unknown

Modifications Yellow (unstable) and gray (described bellow)

Classification Metalloid

Group Non-metal, Nitrogen group

Stable isotope As 75

Number of unstable isotopes 8

Atomic number 33

Number of Protons/Electrons 33

Number of Neutrons 42

Atomic mass 74.9216 g/mol

Atomic volume 13.1 g.cm3/mol

Crystal Structure trigonal, orthorhombic

Point Group: -32/m

Space Group: R-3m

Density at 14 °C 5.72 g/cm? (grey), 1.97 g/cm? (yellow)

State solid

Oxidation states in natural systems -III, 0, +III, +V: arsines and methylarsines (-III), elemental arsenic (0),
arsenite (+III), and arsenate (+V)

Most common compounds H,AsO*, HAsO4? and H,AsO*

Melting point 817.0 °C (1090.15 K, 1502.6 °F)

Boiling point - sublimation 613.0 °C (886.15 K, 1135.4 °F)

Electronegativity according to Pauling 2.0

Vanderwaals radius 0.139 nm

Ionic radius 0.222 nm (-2) 0,047 nm (+5) 0,058 (+3)

Electronic configuration [ Ar ] 3d' 4s? 4p3

Energy of first ionisation 947 ki.mol

Energy of second ionisation 1798 kJ.mol !

Energy of third ionisation 2736 k.mol *

Standard potential - 0.3V (As**/ As)
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Natural As usually has a trigonal symmetry but two very rare orthorhombic As (named
arsenolamprite and pararsenolamprite) are known from several localities over the world (e.g., Johan
et al., 1959; Matsubara et al., 2001). Arsenic typically occurs in anionic form, which is different from
most metals that form cations. Arsenic does not readily substitute into the structures of the major
rock-forming minerals (Vaughan, 2006). The most important primary As-bearing minerals are mixed
sulfides of the M(II)AsS type, where M(II) stands for Fe, Ni, and Co as well as other two-valent metals
(Reimann and de Caritat, 1998). Secondary As minerals usually originate by oxidation of the primary
As minerals. Most of them are arsenates, which reveal close crystalochemical relations to phosphates
and vanadates. Some of the most common primary and secondary As minerals are listed in Table 2.
The As is naturally associated mainly with sulfides (chalcophilic minerals), and usually occurs in
hydrothermal types of mineral deposits. Less frequently it is associated with volcanic or magmatic
rocks. Arsenic phases are also known to occur in fumeroles and geothermal systems. Occasionally As

can also occurs associated with sedimentary pyrite in sedimentary rocks.

Table 2. List of the most common arsenic minerals in the nature

Mineral formula

Algodonite CueAs

Allemontite (stibarsen) SbAs

Annabergite* Ni3(AsQ4),-8H,0
Arsenolite As,03

Arseniosiderite Ca,Fe3(As04)30,-3(H,0)
Arsenopyrite FeAsS

Bayldonite PbCu3(As04)2(0OH),-H,0
Beudantite PbFe(AsO4)(S04)(0OH)e
Bukovskyite Fe,(As04)(S04)(0OH) -7H,0
Enargite CusAsS,

Erythrite Co3(As04),-8H,0
Gersdorfite NiAsS

Haidingerite CaHAsO4:-H,0

Hornesite Mgs(AsO4),-8H,0
Chloantite NiAs,

Kankite FeAsQ4-3.5H,0
Kobaltite CoAsS

Lollingite FeAs,

Mimetite Pbs(AsQ4)sCl

Mixite BICU5(ASO4)3(OH)53H20
Nicolite NiAs

Olivenite Cuy(AsO4)(OH)
Orpiment As,S3

Pharmacolite CaH(AsO,) -2H,0
Pharmacosiderite Fe(AsO4)3(0OH)4-5-7H,0
Pitticite amorphous iron sulpho-arsenate
Proustite 3Ag,S.As;S3
Rammelsbergite NiAs,

Realgar As4S,

Safflorite CoAs;

Scorodite Fe(AsO,) -2H,0
Skutterudite CoAss3

Tennantite (Cu, Fe)12As4S13

Weilite CaHAsO,

Zeunerite Cu(U0O3)2(As04),:10-16H,0

* Mineral printed in italic style are usually considered to be the secondary (or supergene) minerals; the other are
primary As minerals.

The average content of As in the upper Earth’s crust is about 2 mg/kg (Wedepohl, 1995) and
it is 47" in abundance among the 88 naturally occurring elements (Vaughan, 2006). The total As
amount in the Earth’s crust was estimated to be 4.01 x 10!® kg, based on concentrations in different

rocks (Matschullat, 2000). The same author also calculated the total As input to the litosphere to be of
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8.46-14.22 x 107 kg per year. Fluxes and amounts of the As in other constituents of the geosphere
were summarized and calculated by Matschullat (2000).

Arsenic pollution of the environment originates from both geochemical background and
anthropogenic sources. Gaseous and solid emissions connected with volcanic activity, terrigenous
dust, biogenic volatile compounds of both marine and terrigenous origin, oceanic spray and large
forest fires, represent the natural inputs into the As cycle on Earth; whilst mining, ore dressing, non-
ferrous metal production, steel/iron manufacturing and fossil fuel combustion are the main

anthropogenic sources (Nriagu, 1989).

1.1.2. Main usage of arsenic

During the 18th, 19th, and 20th centuries, a number of As compounds were used as
medicines, and copper acetoarsenite was used as a green pigment known under many different names
(Ascue and Nriagu, 1994). Today, the most common usage of As compounds is in agriculture and
forestry as arsenical pesticides such as insecticides, herbicides, fungicides, algicides, sheep dips, and
some dyestuffs, and it is also used for the eradication of tapeworm in sheep and cattle (Adriano,
1986). After that follow manufacturing of ceramics and glass, chemicals, and other minor uses. Very
important use is for wood preservatives in form of a compound called chromated copper arsenate
(CCA). CCA prevents organisms from growing in the wood and causing it to rot. Trace amounts of As
are alloyed with lead in accumulators.

At present, the major use for inorganic As except the wood preservation is in the
microelectronics industry and in semiconductor manufacture. Alloys of gallium, arsenic, and
phosphorous are used for the production of light-emitting diodes (LEDs) in watches, clocks,

calculators, and numerous other instrument displays.

1.1.3. Chemical speciation of As in the environment

Arsenic forms a variety of inorganic and organic compounds in soil and mine waste
environments. The most common forms are, however, inorganic arsenite As(III) and arsenate As(V)
(e.g., Masscheleyn et al., 1991; Smith et al., 1998). Under common environmental conditions (pH in
range 4-8) As(V) is present as H,AsO,” or HAsO,% species, while As(III) occurs as H;AsO;° species
and is dominant only in low pH and low Eh environments (Cullen and Reimer, 1989; Smith et al.,
1998; Goldberg and Johnston, 2001). For the main forms of the As see also Figure 1.

Other soluble forms of arsenate and arsenite may probably be present as minor constituents
within aquatic or soil environments: e.g., methylated-arsenic (Smith et al., 1998; Smedley and
Kinniburgh, 2002), thio-arsenic - H,AsOS,  and H,AsOSs (e.g., Helz et al., 1995; Rochette et al.,
2000; Wang and Mulligan, 2006) and carbonato-arsenic (Kim et al., 2000; Lee and Nriagu, 2003). The
monomethylarsonic acid (MMAA) and dimethylarsinic acid (DMAA), and partly also trimethylarsine
oxide (TMAO) are the most common methylated species, which mainly dominate in biomass, but have
also been detected in soils (Buchet and Lauwerys, 1981; Cullen and Reimer, 1989; Leonard, 1991;
Turpeinen et al., 2002). In soils, water-soluble As species can be volatilized by microbes to the form of
gaseous arsines (e.g., Gao and Burau, 1997). As(V) and As(III) can be volatilized to arsine (AsH5),
MMAA to monomethylarsine (MMA, AsH,(CH)3), DMAA to dimethylarsine (DMA, AsH(CHs),), and TMAO

to trimethylarsine (TMA, As(CHs)3) (Cullen and Reimer, 1989). Arsenobetaine (AsB) is a common
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organoarsenic species in marine mammals, while arsenosugars are the major species in plants like
algae (Belzile and Tessier, 1990).

Soluble forms of As may also bind to organic matter in sediments (Grafe et al., 2001, 2002;
Redman et al., 2002; Ko et al., 2004). However, organic matter content tends to be poorly correlated
to As in comparison to Fe, Al, or P (Chen et al., 2002), suggesting that its contribution to As retention
in soils is limited (Herbel and Fendorf, 2006).

Inorganic, organic, and biological forms of As in the environment are listed in Figure 2.
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Fig. 1. An Eh-pH diagram of aqueous, aerobic As-solution at 25 C and 1 bar of pressure (according to Smedley and
Kinisburg, 2002)
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Fig. 2. Summary of important inorganic, organic, and biological forms of arsenic in the environment (according to
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1.1.4. Arsenic toxicity

Arsenic is a toxic element for fauna and flora. Arsenic speciation influences its toxicity that
decreases in following order: arsines > arsenite > arsenoxides > arsenate > tetravalent arsenicals >
metallic As (Penrose, 1974). Humans may be exposed to As through various ways such as via
ingestion of contaminated food or water, inhalation of polluted air in some industrial plants and also
through direct dermal exposition with soil or water that contains high contents of As (e.g., Mitchel
and Barr, 1995; Dudka a Miller, 1999). Certain hazard is posed by constructions that contain
conserved wood. Also people who live or work on farmlands where As-containing pesticides have been
applied in the past are exposed to a risk of intoxication. As well, mining areas and old mine dumps
and tailings may represent hazard due to dust transport by air (Camm et al., 2003; Camm et al.,
2004; Jamieson et al., 2006).

High exposure to inorganic As can cause various health effects, such as irritation of the
stomach and intestines, decreased production of red and white blood cells, skin changes, lung
irritation, infertility and miscarriages with women, it can cause skin disturbances, declined resistance
to infections, heart disruptions and brain damage. Finally, inorganic As can damage DNA (e.g., Oliver,
1997; Shi et al., 2004; Ding et al., 2005). A lethal dose will vary with compound, but 0.2-0.3 g of

arsenic trioxide (As,053) is usually fatal in an adult.

1.2. Arsenic in soils and mine wastes

1.2.1. Sources and concentrations of As

The main source of As in soils is the parent rock material (Yan-Chu, 1994); bedrock in case of
natural contamination and waste dumps in case of so-called minesoils. For As concentrations in
various geological environments and in particular minerals see Tables 3 and 4. The As content in rocks
depends on contents of different rock-forming minerals. According to various authors the sedimentary
rocks contain generally much higher concentrations than the igneous rocks (e.g., Wedepohl in Merian
et al., 1991; Bhumbla and Keefer, 1994; Smedley and Kinnisburgh, 2002).

The content of As in natural nonpolluted soils varies with soil type, depending on the nature of
the parent material (Smith et al., 1998). Usual As concentration ranges between ca. 4-20 mg.kg™},
and rarely up to 40 mg.kg! (Walsh and Keeney, 1975; Smith et al., 1998). These values are
considered as safe for living organisms (Dudka and Miller, 1999). Recently, 5 mg.kg? of As is
considered as the global average content in uncontaminated soils (Koljonen, 1992). The content and
distribution of As in minesoils is very variable as well, and it often mirrors the heterogeneity of the
background material (mine/industrial waste). Generally, the contaminated soils (whether naturally or
industrially) contain from tens up to hundreds of mg.kg?, and rarely up to several percent of the As
(e.g., Peterson et al., 1979; Matschullat, 2000; Morin et al., 2000; Wenzel et al., 2001; Van
Herreweghe et al., 2003; Taggart et al., 2004; De Brouwere et al., 2003; Ferreira da Silva et al.,
2004; Filippi et al., 2004).

Nriagu and Pacyna (1988) calculated the anthropogenic As input into the soil as 9.4 x 107 kg
per year, in the following approximations: 40 % wastages from commercial products; 21 % from coal
ashes; 11 % from atmospheric deposition; 10 % from mine tailings materials; 7 % from agriculture,

wood, animal, and food wastes; 6 % from smelter slags and wastes; 5 % from other minor sources.
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More detailed information about various types of anthropogenic sources of the As in soils were
reviewed by Smith et al. (1998).

Table 3. Average As concentrations and/or ranges in various rocks and other geological environments (according
to Smedley and Kinniburgh (2002), for references see therein, partly adjusted)

As concentration average and/or

Type of rock / sediment

range [mg.kg™]

Igneous rocks

Acidic rocks (rhyolite) 4.3 (3.2-5.4)
Acidic rocks (granite, aplite) 1.3 (0.2-15)
Acidic rocks (pitchstone) 1.7 (0.5-3.3)
Basic rocks (basalt) 2.3 (0.18-113)
Basic rocks (gabbro, dolerite) 1.5 (0.06-28)
Intermediate (andesite, trachyte, latite) 2.7 (0.5-5.8)
Intermediate (diorite, granodiorite, syenite) 1.0 (0.09-13.4)
Ultrabasic rocks (peridotite, dunite, kimberlite etc) 1.5 (0.03-15.8)
Volcanic glasses 5.9 (2.2-12.2)

Metamorphic rocks

Amphibolite and greenstone

6.3 (0.4-45)
42

Granulites

Hornfels 5.5(0.7-11)
Phyllite/slate 18 (0.5-143)
Schist/gneiss 1.1 (<0.1-18.5)
Quartzite 5.5 (2.2-7.6)
Sedimentary rocks

Bituminous shale (Kupferschiefer,,Germany) 100-900

Coals 0.3-35,000
Evaporites (gypsum/anhydrite) 3.5(0.1-10)
Iron formations and Fe-rich sediment 1-2900
Limestone/dolomite 2.6 (0.1-20.1)
Marine shale/mudstone 3-15 (up to 490)
Non-marine shale/mudstone 3.0-12
Phosphorite 21 (0.4-188)
Sandstone 4.1 (0.6-120)

Shale (Mid-Atlantic Ridge)

Unconsolidated sediments

174 (48-361)

Alluvial mud/clay (Bangladesh) 6.5 (2.7-14.7)
Alluvial sand (Bangladesh) 2.9 (1.0-6.2)
Continental margin sediments (argillaceous, some anoxic) 2.3-8.2
Glacial till, British Colombia 9.2 (1.9-170)
Lake sediments, British Colombia 5.5 (0.9-44)
Lake sediments, Lake Superior 2.0 (0.5-8.0)
Loess silts, Argentina 5.4-18

River bed sediments (Bangladesh) 1.2-5.9
Stream and lake silt (Canada) 6 (<1-72)
World average river sediments 5

Soils

Acid sulphate soils (Canada) 1.5-45

Acid sulphate soils (Vietnam) 6-41

Peaty and bog soils 13 (2-36)

Soils near sulphide deposits
Soils (or eluvium) above gold deposit

Various contaminated superficial anthropogenic deposits

126 (2-8000)

up to ca. 26,300°

usually up ca. 50,000;
rarely up to ca. 60 wt.% ©

@ data from Wedepohl in Merian et al. (1991)
® data from Filippi et al. (2004)
¢ data from Filippi (2004)
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Table 4. As concentrations in common rock-forming minerals (according to Smedley and Kinniburgh (2002), for
references see therein, partly adjusted).

Mineral As concentration range [mg.kg™]
Sulphides

Galena 5-10,000
Chalcopyrite 10-5000
Marcasite 20-126,000
Pyrite 100-77,000
Pyrrhotite 5-100
Sphalerite 5-17,000
Oxides

Haematite up to 160
Fe oxide (undifferentiated) up to 2000
Fe(III) oxyhydroxide up to 76,000
Ilmenite <1
Magnetite 2.7-41
Silicates

Amphibole 1.1-2.3
Biotite 1.4
Feldspar <0.1-2.1
Olivine 0.08-0.17
Pyroxene 0.05-0.8
Quartz 0.4-1.3
Other

Apatite <1-1000
Barite <1-12
Calcite 1-8
Dolomite <3

Halite <3-30
Fluorite <2
Gypsum/anhydrite <1-6
Jarosite 34-1000
Siderite <3

1.2.2. Physico-chemical behaviour of As and releasing mechanisms

Geochemical factors that may enhance As mobility are highly variable and complex. It includes
ion displacement, oxidative dissolution of sulphides, reduction of As, and reductive dissolution of As
containing Fe oxyhydroxides (Cullen and Reimer, 1989; Smith et al., 1998; Smedley and Kinniburgh,
2002). Common type of anthropogenic As contamination is related to exposure of As-bearing minerals
to atmospheric O, upon the mine wastes storage, which leads to the formation of acid mine drainage
(AMD) and acid minesoils with high concentration of As, SO,4, Fe(Il), Fe (III) and other metals (e.g.,
Nicholson et al., 1989; Craw et al., 2002). Soils affected by AMD may have high concentration of
inorganic As(III) or As(V) species depending on Eh-pH conditions (e.g., Bodénan et al., 2004;
Sanchez-Rodas et al., 2005). Other potentially hazardous sites are those where As-bearing minerals
oxidize in soils developed above the mineralized outcrops. Such sites may release As to the
surrounding environment for very long time - from decades to millennia (Blowes et al., 1992; Pyatt et
al., 2000; Frau and Ardau, 2003; etc.).

The reactions and mobility of As in soils, mine wastes and similar environments are highly
governed by its oxidation state and in part by the tendencies of different As redox species to associate
with particulate matter (e.g., Herbel and Fendorf, 2006). Thus As sorption to soil particles is one of
the most important processes that immobilizes this element. Many studies were devoted to As
sorption on well characterized minerals or soil particles (clays, oxides of Fe, less Al and Mn, phosphatic
gels and/or organic matter) (e.g., Sadiq, 1997; Smith et al., 1998; Kabata-Pendias and Pendias,

2001). The adsorption capacity of these particles is dependent on different physico-chemical factors
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such as hydratation, crystallinity, pH, redox potential, presence of other elements and organic matter,
etc. (Woolson, 1977; Sadiq, 1997). Although As(III) is generally more thermodynamically stable
under reducing conditions and As(V) is more stable under well oxidizing conditions, both oxidation
states will often exist concurrently because of the relatively slow redox transformations between As
species. Also, the redox processes involving As are often biological and intracellular, where the redox
conditions might be very different than those of the bulk soil. The result is that As(III) as well as As
(V) are observed under both oxidized and reduced soil conditions (e.g., Drahota et al., 2006).

From experimental studies as well as from in situ observations, it is well established that As
sorption on oxides is mainly pH dependant, when As(III) is preferentially sorbed at pH values raging
from 7 to 10, whereas As(V) is preferentially sorbed on hydrous oxides at pH values ranging from 4 to
7 (Pierce and Moore, 1980). Frost and Griffin (1977) have also shown that As sorption on clay
minerals (kaolinite and montmorillonite) is pH dependent and Lin and Puls (2000) confirm that As(V)
is more strongly sorbed than As(III) on these minerals. Furthermore, As(V) adsorption on humic
substances reaches its maximum at pH 5.5 in contrast to distinctly higher values of pH of about 8.5
for As(III) (Thanabalasingam and Pickering, 1986). As it was noticed by other authors (Frost and
Griffin, 1977), adsorption of As(III) was lower than As(V). As species behaviour was largely attributed
to humic acids that become more soluble with increasing pH. Alternatively, the observed pH effect
could reflect the changes in protonation of both adsorbent and absorbate (Thanabalasingam and
Pickering, 1986).

In most environmental materials, total As levels correlate with Fe content rather than Al or
clay content (Smedley and Kinniburgh, 2002), and microbial reduction of Fe(III) in the iron
(hydr)oxide minerals may release Fe(II) and adsorbed As(V) or As(III) into solution (Langner and
Inskeep, 2000; Herbel and Fendorf, 2006). According to Xu et al. (1988); Manning and Goldberg
(1997a,b) and Smith et al., (1998), As(V) is more strongly bound to clays and Al hydroxides than
As(III). Ferric (hydr)oxides and magnetite, in contrast, exhibit a greater retention of As(III) than
As(V) at all but acidic conditions (Raven et al., 1998; Goldberg, 2002; Dixit and Hering, 2003).

Releasing of As from the solid phase, and retardation of As adsorption, can occur when
incoming solutions contain high levels of dissolved inorganic and organic ions (Manning and Goldberg,
1996; Reynolds et al., 1999; Dixit and Hering, 2003). Soluble Fe(II) and COs*> may change As(V) and
As(III) adsorption behaviour on the most common Fe minerals such as ferrihydrite and goethite (Van
Geen et al., 1994; Villalobos and Leckie, 2001). Other anions, such as CI", SO,%, and NO5’, appear to
have minimal effect on As desorption, yet these ions can contribute to ionic strength and salinization
effects on As desorption in sediments (Gupta and Chen, 1978; Smith et al., 1998).

The most readily bioreducible Fe(III) oxyhydroxides are less thermodynamically stable phases
of high surface area, such as ferrihydrite and lepidocrocite (Schwertmann and Taylor, 1989; Lovley,
1991; Roden and Zachara, 1996). Ferrous iron produced during Fe(III) reduction induces
transformation of ferrihydrite and lepidocrocite to more stable Fe (III) minerals, such as goethite (a-
FeOOH), and mixed Fe(II)-Fe(III) minerals, such as magnetite (Fes0,4) (Zachara et al., 2002; Hansel
et al., 2004). Despite having a nearly equal affinity for As, transformation (due to ageing of
biotransformation) of ferrihydrite and lepidocrocite to more crystalline phases (goethite, hematite)
reduces the available surface area and thus diminishes their capacity to retain As (Dzomback and
Morel, 1990; Fuller et al., 1993; Dixit and Hering, 2003; Herbel and Fendorf, 2005).
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1.2.3. Microbial activity

The biotransformation of As has been recognized for many years, this process is considered as
an important factor in redistributing As in soils (Cullen and Reimer, 1989; Ehrlich, 1996). Most
important biochemical processes in soils are microbial oxidation of sulphides (Mandl et al., 1992;
Blowes et al., 1995; Sampson et al., 2000), oxidation of As(III) to As(V) (Wakao et al., 1988),
reduction of As (Harrington et al., 1998), dissolution of As induced by microbial reduction of Fe(III)
(Nickson et al., 2000), and biomethylation (Woolson, 1977; Cullen and Reimer, 1989; Turpeinen et
al., 1999; Carbonell et al., 1998; Turpeinen et al., 2002). Some other microbes can also demethylate
organic forms back to inorganic species (Sohrin et al., 1997).

However, mainly two microbial processes, oxidation and reduction, are of current interest
because of their possible application for bioremediation of contaminated soils (e.g., Smith et al., 1998;
Gomez and Bosecker, 1999; Turpeinen et al., 1999) and for the oxidation of sulphides to recover the
associated valuable metals for the industrial sphere (Sampson et al., 2000). Bacterial leaching is a
pre-treatment step for the dissolution of metals from sulphidic minerals aided by the catalytic action of
chemolithoautotrophic bacteria. Wide range of microorganisms are able to inhabit the extremely acidic
environments associated with the oxidative dissolution of sulfide minerals or the oxidation of
(reduced) sulfur (Johnson and Roberto, 1997). A number of heterotrophic As(III) oxidizing bacteria
have been characterized, with many of them classified as Bacillus or Pseudomonas spp. (Smith et al.,
1998). However, the commercially most important bacteria come from the Thiobacillus and
Sulfobacillus genera (Sampson et al., 2000). Likewise, various microorganisms are able to reduce As
compounds (Smith et al., 1998).

Many of microorganisms (bacteria, fungi, and algae organisms) that are capable to oxidize or
reduce As-bearing compounds have been isolated from a diversity of natural environments (Osborne
and Ehrlich, 1976; Lovley, 1991; Stolz and Oremland, 1999; Samson et al., 2000; Oremland et al.,
2002; Oremland and Stolz, 2003). Some species of bacteria are able to reduce soluble arsenate and
also adsorbed arsenate (Herbel and Fendorf, 2006) and solid arsenate such as scorodite (Newman et
al., 1997), with recent evidence suggesting that reduction first proceeds through a step of dissolution
(Saltikov and Newman, 2003).

Microbial activity, in combination with geochemical factors, may significantly control As

speciation and uptake or release mechanisms in natural environments (Herbel and Fendorf, 2006).

1.3. Arsenic minerals in soils and mine wastes: a brief
overview

1.3.1. General terms and relationships in environmental mineralogy
In environmental mineralogy, the primary minerals are those that are deposited within the
various types of mine or industrial wastes and related anthropogenic soils (minesoils) or are
present in weathered and decomposed rock outcrops (saprolith) covered by natural soil.
The secondary minerals are those that form by in-situ reaction of the primary assemblage;
thus, the primary suite may contain supergene minerals that were in the ores and host rocks prior
to mining or prior to the weathering processes under climate conditions in case of mineralized rock

outcrops (c.f., Jambor, 1994; Jambor and Blowes, 1998). Therefore, some typical primary ore
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minerals such as pyrite (i), arsenopyrite (ii) or orpiment (iii) that, however, may form in: (i) water
saturated tailings (Chappel and Craw, 2002), (ii) sediments (Rittle et al., 1995); or (iii) by microbial
precipitation (Newman et al., 1997; Newman et al., 1998), could be classified as secondary
minerals from the environmental mineralogy point of view. On the contrary, e.g., arsenolite
described by Juillot et al. (1999) or scorodite described by Ahn et al. (2005), which both may be
common products of industrial processes, could by considered as primary sources of the As in the
industrial waste dumps.

Generally, the supergene As minerals often occur in form of well developed crystals or
crystallized coatings and crusts close to primary ores in cavities of vein-minerals such as quartz,
calcite, dolomite, etc. Supergene As minerals were mostly formed during the last stages of the
hydrothermal activity in ore deposits. On the other hand, secondary minerals originated by direct
oxidation of primary ores or by related cold solutions under the so-called environmental
conditions are mostly developed as various types of amorphous-like or fine crystallized coatings,
crusts and infillings of fractures in the primary ore minerals. Moreover, they often overgrow,
impregnate or replace rock-forming minerals situated close to weathering ores.

In the following sections, important primary As minerals will be shortly described. The
attention is, however, especially focused on the secondary As-bearing minerals which have been
described as the major or significant sources of As in the environment. Those As low-temperature
secondary associations which are formed from very rare primary ore associations or at very specific
and isolated sites will not be included into this text. These random and specific settings may contain
large amounts of rare secondary As-bearing minerals which, however, have no important influence on
the As cycling in the environment. Table 5 presents some examples of such “mineralogical”

occurrences of rare secondary As minerals.

Table 5. Several rare As minerals and artificial phases(*) occurring in some specific contaminated sites

Mineral Formula Selected reference

austinite CazZn(AsO4)(OH) Bowel and Parshley (2005)
angelellite FesAs,0y Leblanc et al. (1996)*
arsenolamprite As Johan (1959); Ahn et al. (2005)
arsenowaylandite BiAl5(AsO4)2(0OH)e Courtine-Nomade et al. (2003)
bernardite TI(As,Sb)sSs Ahn et al. (2005)

conichalcite CaCu(AsQ4)(0OH) Pieczka et al. (1998)

cornwallite Cus(AsO4)2(0OH)4 Bowel and Parshley (2005)
kaatialaite (FeAss04:6-8H,0) Filippi (2004)

legrandite Zn,(As04)(0OH)-(H,0) Bowel and Parshley (2005)
ludlockite (Fe,Pb)As,0¢ Camm et al. (2003)
parascorodite FeAsQ4-2(H,0) Ondrus et al. (1999)
sarmientite Fe,(As04)(S04)(0OH)-5(H,0) Gieré et al. (2003)

schultenite PbHAsO4 Arai et al. (2006)

symplesite Fe3(AsO4),-8(H.0) Johnston and Singer (2007)
titanium oxide arsenate* Ti,0(AsO04), Ahn et al. (2005)

tooeleite Fe(s-20[ (AS(1-x),S(x))04]16-5(H,0) Morin et al. (2003)

yukonite CasFe11(As04)9010:24.3(H20) Pieczka et al. (1998); Paktunc et al. (2004)

1.3.2. Primary As minerals
Primary As minerals, no matter whether they arise from natural (e.g., rock outcrop) or
anthropogenic (e.g., mine dumps) sources could be considered as the only source of As for soils/waste

dump solutions and thus for the consequent precipitation of secondary As-bearing phases. Some of
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the most common primary As minerals occurring in nature are shown in Table 2. However, only
several of them are significant from the environmental point of view.

The most widespread As mineral, globally, is arsenopyrite (FeAsS) (e.g., Ramdor, 1980; Vink,
1996). Arsenopyrite is common in many vein gold deposits and also occurs associated in granite
hosted Cu-Sn veins as well as in many polymetallic Pb-Zn-Cu vein and stratiform deposits.
Arsenopyrite is, however, of limited economic importance and is generally dumped during mining
processes (Nesbitt et al., 1995), which makes this sulphide to be the most important As primary
mineral pollutant in the environment and the most studied primary As mineral. Therefore,
arsenopyrite stability, oxidation and dissolution were studied by many authors (e.g., Nesbitt and Muir,
1998; Craw et al., 2003; Jones et al., 2003; Yu, et al., 2004; Flemming et al., 2005; Mikhlin et al.,
2006; Petrunic et al., 2006; Walker et al., 2006).

Arsenical pyrite (FeS,) is also a relatively common sulphide in many, especially gold deposits
(e.g., Fleet et al., 1989; Fleet et al., 1993; Fleet and Mumin, 1997; Savage et al., 2000; Strawn et al.,
2002; Casiot et al., 2003; Akai et al., 2004; Lee et al., 2005; Loredo et al., 2005; Walker et al.,
2005). Pyrite abundance in many types of rocks and deposits (and thus mine wastes) and its low
stability under surface conditions, make it a very unstable As-carrier. Fleet et al. (1989) explained As
contents in pyrites by the presence of pyrite/marcasite-arsenopyrite metastable solid solutions.
Similarly, HRTEM and TEM studies made by (Pdsfai and Buseck, 1997) demonstrated the presence of
nonperiodic marcasite-type layers in some pyrites, namely in those with lower-temperature origin and
spherulitic morphology. However, several authors have recently demonstrated that As substitutes for
S in pyrite by the Fe (As,Si_y), substitution mechanism (e.g., Savage et al., 2000; Zacharias et al.,
2004). Zacharids et al. (2004) discuss also possibility of an As-Fe (i.e. AslFe-1) substitution
mechanism. In anoxic environments As(III) was documented to be sorbed as precipitates on the
pyrite surface (Bostick and Fendorf, 2003). Based on theoretical calculations Reich and Becker (2006)
found that ca. 6 wt.% of As can be hosted in pyrite (or marcasite) in form of solid solution while
beyond this concentration, arsenic segregates into arsenopyrite domains.

In the most recent work Blanchard et al. (2007) conclude that pyrite can incorporate up to ca.
10 wt% of As. They also result that the presence of As accelerates the dissolution of pyrite in oxidising
conditions.

Lollingite (FeAs,) is a somewhat less common primary mineral in ore deposits than the both
above mentioned minerals and much less referred to as a (potential) source of As contamination (e.g.,
Morin et al., 2002; Ettler and Johan, 2003; Filippi, 2004). Similarly, orpiment (As,Ss), realgar (AsS)
and enargite (CusAsS,) were also rarely found to be significant As-pollutants in some areas (Reimann
and Caritat, 1998; Fukushi et al., 2003; Loredo et al., 2005; Davis et al., 2006; Smuda et al., 2007).
Other primary As minerals such as cobaltite (CoAsS), gersdorffite (NiAsS), niccolite (NiAs) tennantite
((Cu, Fe);1,As4S:3) (e.g., Donahue et al., 2000, Shih and Lin, 2003) are rare and usually do not
represent significant environmental risk. Special position has As (III) oxide arsenolite (As,03), which is
a relatively common product of some industrial processes and thus could represent a real risk of the

pollution (e.g., Juillot et al., 1999).
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Table 6. The most important secondary As minerals occurring in contaminated soils and mine wastes

Common indication
(Dana Class)

Mineral / Formula

Usual colour*

Usual morphological forms*

As oxides

(Simple oxides)

Fe arsenates

(Hydrated phosphates,
arsenates, vanadates)

K(-Ba) arsenates

(Hydrated phosphates,
arsenates, vanadates;
containing hydroxyl or
halogen)

Ca-Fe arsenates

(Hydrated phosphates,
arsenates, vanadates;
containing hydroxyl or
halogen)

Ca, Mg and Ca-Mg arsenates

(Hydrated (acid)
phosphates, arsenates,
vanadates)

Crystalline Fe sulpho-
arsenates

(Hydrated phosphates,
arsenates, vanadates;
compound anions with
hydroxyl or halogen)

Amorphous Fe sulpho-
arsenates (AISA)

(Hydrated phosphates,
arsenates, vanadates;
compound with anions and
hydroxyl or halogen)

Other arsenates

(several groups in Class of
Phosphates, arsenates,
vanadates)

arsenolite [As;03]

kankite [FeAsO4-3.5(H,0)]; scorodite
[FeASO4-2H20]

pharmacosiderite
[KFes(AsO4)3(OH)4-6-7(H20)]

arseniosiderite
[CazFes3(As04)302:3(H20)]

weilite [CaHAsO,4], haidingerite
[CaHAsO4:H,0], hornesite
[Mg3(As04),-8H,0], pharmacolite
[CaHAsOQ4:2H,0], picropharmacolite
[(Ca,Mg);(As04)2-6H20]

bukovskyite [Fe,As04S04,0H-7H,0],
zykaite,

AISA and pitticite ca [Fey
(As04)y(S04),nH,0]

beudantite [PbFe3As04S04(0H)s];
annabergite [Ni3(AsO4),-8(H.0)]

colourless, white,
grey, light yellow

yellow green;
green, grey,
brown, blue green

brown, yellow-
brown, olive green

brown, yellow
brown, reddish,
rusty brown

white, grey

brown, yellow
brown, yellow;
white, grey

brown, yellow
brown, rusty,
gray, white

brown, dark green,
yellow, orange;
apple green,
greenish white,
gray, yellow
green, white

earthy to pulverulent; discrete
grains; powder coatings, crust-like
aggregates, well developed crystals

powder aggregates and coatings,
microcrystalline crusts; scorodite
also as cements, discrete grains,
crystals aggregates and rarely also
crystals

discrete grains, impregnations,
coatings, powder aggregates

massive, compositionally zoned,
lief-like particles; discrete grains,
spheroids, replacement products,
infillings in fractures of mineral
grains

powder aggregates and coatings,
crusts, micro-crystalline matrix,
discrete grains; pharmacolite and
picropharmacolite also acicular
crystals

concretions, micro-crystalline
aggregates, crusts, component of
stromatolitic formation, cement,
nodular aggregates (namely
zykaite)

always amorphous, massive,
coatings, crusts, gel-like cement,
hardpan layers; typically reniform,
botryoidal, stalactitic, in thin
opaline crusts, crazed and crackled
when dry; earthy

powdery aggregates, grains
component of stromatolitic
formation, crusts;

* only low-temperature forms of the presented minerals are characterized (not the hydrothermal and/or

supergene)

1.3.3. Secondary As minerals

More than 260 As minerals are known to occur in nature. Of these ca. 60 % are arsenates, ca.

20 % sulfides and sulfosalts, 10 % are oxides and the rest are arsenides, native elements and

metalloids (Bowell and Parshley, 2003). Although there are many species of supergene and secondary

As minerals, only few of them have been identified as products of weathering of the primary As

minerals in soils and waste dumps (Jambor, 2003). This implies that only several As-bearing minerals

(mostly arsenates) play an important role in controlling the As mobility/stability and thus its general
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behaviour in the environment. These minerals are listed and shortly discussed in the following text.
Minerals are sorted according to the chemical composition and divided into groups which are
commonly used in the environmental literature. For the list, mineralogical clasification, chemical

formulas and morphological forms of the minerals see Table 6.

1.3.3.1. As oxides

Arsenolite is the only one relatively “common” secondary mineral from the group of As-
containing oxides. It is found on the walls of abandoned underground mine workings at As rich
deposits (e.g., Ondrus et al., 1997) or it precipitates on fractures in As bearing rocks or in altered
hydrothermal veins (Klopprodge et al., 2006). This mineral was found also under surface conditions in
As-rich concentrate remaining after ore concentration process (Filippi, 2004). In environmental
settings, arsenolite is usually associated with weathered arsenopyrite and/or I6llingite and with other
secondary product of the ore oxidation (usually with scorodite). Arsenolite is partly soluble in water,
but well soluble in acids, thus its rich occurrence in the rock may strongly control As contents in

mine/waste waters (Maggs, 2000).

1.3.3.2. Fe arsenates

Under acidic and relatively highly concentrated iron and arsenate conditions, scorodite is by
far the most common natural arsenate solid phase, originating from the arsenopyrite or As-pyrite
oxidation. Its persistence in nature suggests that its solubility may control the concentration of As in
natural waters at many sites (Frau and Ardau, 2004). It is the most often secondary As-carrier in
many types of environmental settings from lateritic tropical soils (Bowell, 1991), natural rock outcrops
(e.g., Utsunomiya et al., 2003) various types of naturally contaminated soils in the ambient climatic
area (e.g, Morin et al., 2002; Pfeifer et al., 2004; Filippi et al., 2007) to various mine/industrial
tailings wastes and minesoils (e.g., Davis et al., 1996; Foster et al., 1998; Juillot et al., 1999; Craw et
al., 2002; Néel et al., 2003 ; Pfeifer et al., 2003; Filippi, 2004; Frau and Ardau, 2004; Paktunc et al.,
2004; Flemming et al., 2005; Mahoney et al., 2005; Mains and Craw, 2005; Salzsauer et al., 2005).
Scorodite together with jarosite was also found as a solid-phase product of bacterial oxidation of As-
pyrite (Carlson et al., 1992).

Due to the high environmental importance, scorodite stability was studied by many authors
(e.g., Dove and Rimstidt, 1985; Nordstrom and Parks, 1987; Krause and Ettel, 1988; Craw et al.,
2002; Harvey et al., 2006).

Kankite is a rare mineral in nature, however, in the last years it was determined from mine
wastes as a relatively common mineral locally. At the type locality of this mineral, Kank near Kutna
Hora (Czech Republic), kankite is associated with bukovskyite and scorodite (Cech et al., 1976).
Relatively rich occurrence of this mineral was described from ca 300 years old mine dump in the
famous Jachymov ore district, Krusné Hory Mountains, NW Bohemia (Hlousek, 2000; author’s own
observation). Kankite occurs there as several centimetres large aggregates together with scorodite
and rare zykaite. Kankite seems to be the youngest mineral in the association, so its importance in

the As retention in mine waste material is probably high.

1.3.3.3. K-(Ba-) Fe arsenates
Pharmacosiderite appears to be a relatively important As-carrier in highly contaminated soils
(Brown et al., 1990; Morin et al., 2002; Morin et al., 2006; Filippi et al., 2007) and mine wastes
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(Paktunc et al., 2004). Pharmacosiderite has a slightly varying chemical composition namely in
contents of K, Ba and Ca. Pharmacosiderite often forms discrete particles and/or various infillings of
fractures in rock-forming minerals. This suggests its origin from As- and cation-rich solutions (Morin et
al., 2002; Filippi et al., 2007). On the contrary, well developed cubic crystals are considered to
originate in the weathered hydrothermal veins and than dispersed into soil during the pedogenesis
(Morin et al., 2002). Presence of pharmacosiderite (together with arseniosiderite) in soils with near-
neutral pH, suggests its higher stability in such conditions, compared to by far the most common

arsenate scorodite.

1.3.3.4. Ca-Fe arsenates

Arseniosiderite is a scarse mineral in nature. Mostly it is a secondary product of the
arsenopyrite weathering in Ca rich environment (Pieczcka et al., 1998). Rich occurrences of
arseniosiderite in association with pharmacosiderite and scorodite were described from mine dumps
and from cyanidation tailings (Paktunc et al., 2004) and from naturally contaminated soils where the
As contamination rises from arsenopyrite mineralization in the bedrock (Filippi et al., 2007; Drahota et
al., in prep). Although, the above mentioned environments (mine wastes, tailings and soils) are
different by its origin and mainly time of development, the secondary associations are similar. These
findings may point at a possible high importance in As binding into arseniosiderite on a long-term
scale in some contaminated sites. This assumption is sustained also by other references concerning
the As trapping in Ca-Fe arsenates (Frau and Ardau, 2003; Paktunc et al., 2003; Frau and Ardau,
2004; Paktunc et al., 2004).

1.3.3.5. Ca, Mg and Ca-Mg arsenates

Similarly as arsenolite, some arsenates from this group are often present on the walls of
abandoned underground mine workings (Ondrus et al., 1997). However, Ca and Ca-Mg arsenates are
important secondary products of reactions of As-rich solutions in various surface or near-subsurface
environments. Pierrot (1964) described Ca and Mg arsenates from the Ca-Mg-rich oxidation zone of
the Pb-Zn deposit; Voigt et al. (1996) described the precipitation of Mg-arsenate hornesite as a
product of the reaction of Mg-rich ground waters with As-contaminated soils and Juillot et al. (1999)
published a description of the precipitation of Ca-arsenates (pharmacolite, haidingerite and
weilite) and Ca-Mg arsenate picropharmacolite as products of reactions of As-rich solutions derived
from dissolved scorodite and arsenolite in mine waste affected by liming. Amorphous and weakly
crystallized Ca arsenates have been also documented from reduced parts of some tailings (Donahue
and Hendry, 2003). Pharmacolite and weilite have been found together with other secondary minerals
on walls of a pit by Bowell and Parshley (2005).

Because liming is the common way of neutralizing AMD from sulphide-rich mine wastes, Ca
and Ca-Mg arsenates are important As-bearing phases to participate in the As cycle in such
environments. However, because of their high solubilities, this group of arsenates is not relevant

candidate to immobilize As from contaminated soils on a long-term scale (cf., Juillot et al., 1999).

1.3.3.6. Crystalline Fe sulpho-arsenates

From this group, namely bukovskyite was found in a larger scale in some As-rich soils
(Bowell, 1991), processing wastes (Marquez et al., 2006) and mine dumps or other related
environments (Cv:ech et al., 1976; Leblanc et al., 1996; Gieré et al., 2003; Bowell and Parshley, 2005;
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Mains and Craw, 2005). It is usually associated with scorodite, kankite and rarely also with zykaite.
The environmental stability of bukovskyite is not known. However, it may be significant as Mains and
Craw (2005) found that bukovskyite is more soluble than scorodite under acid conditions (pH around
2). At Kank near Kutna Hora, bukovskyite forms up to several decimeters large fine crystalline
concretions and thus it is a very important As immobilizer in the dump.

Zykaite is a very rare mineral (éech et al., 1978); nevertheless, some recent references may
point at its certain importance in As trapping under specific physico-chemical conditions. Zykaite was
documented from As-rich mediaeval As mine dump by Hlousek (2000) and from wastes after bacterial
oxidation process of a gold ore by Marquez et al. (2006).

1.3.3.7. Pitticite and other amorphous Fe sulpho-arsenates (AISA)

Pitticite is a generic name for amorphous gel-like Fe(III) arsenate with no apparent
stoichiometry and with varying chemical composition from different localities (Dunn, 1982; Dunn et
al., 1983). This mineral is usually closely associated with weathered arsenopyrite in sulphide-rich mine
dumps (e.g., Jansa, 1997; Filippi et al., 2004).

Amorphous Fe sulpho-arsenates (AISA) are probably relatively common As-bearing phases in
the mine wastes containing arsenopyrite or As-pyrite, though their presence may be often “invisible”
due to its amorphous nature, variable chemical composition and occurrence in form of thin coating on
clasts of the waste material. AISA of two various types have been described by Salzsauer et al.
(2005); the first type is compositionally close to zykaite, the characteristics of the second type of AISA
are comparable to pitticite. Amorphous As-Fe phase with similar morphology and chemical
composition to pitticite was also described from mine tailings by Ahn et al. (2005).

1.3.3.8. Other secondary As minerals

Beudantite is probably the most common secondary As mineral from this group occurring and
precipitating in mine wastes and soils. Beudantite was found as an oxidation product of arsenopyrite
and was documented in association with gypsum, jarosite, ferric oxyhydroxides and other minerals
(Leblanc et al., 1996; Roussel et al., 2000; Courtin-Nomade et al., 2003; Gieré et al., 2003; Néel et
al., 2003; Romero et al., 2006). The precipitation of secondary beudantite is considered to play an
important role in the natural attenuation of As and Pb in mine tailings, mainly those that contain Zn
and Cu (Romero et al., 2007).

Annabergite is another mineral, which is considered to have a possible environmental

significance (Langmuir et al., 1999; Mahoney at al., 2005).

1.3.3.9. Rare secondary As minerals and unidentiffied phases

Table 5 shows some of the rare As minerals, which were found at some specific places
(surroundings of the ore veins in mineralized rock outcrops, or the walls in quarries, specific
antropogenic deposts, etc.). These minerals are not considered to have some major environmental
importance, however at some places they could partake on the As control in soils and waters.

Sometimes it is not possible to identify all As phases occurring at contaminated sites, althogh
some of them could be important local As-carriers. Table 7 sumarizes some of these phases
mentioned in papers with environmental direction. Further research and precise identification and
characterization of these phases are important, because it could help to enlarge knowledge about As

solid phase speciation in contaminated soils and mine wastes.
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Table 7. Selected unidentified secondary As phases mentioned in the literature

Unidentified phases Selected references

amorphous Fe(III) arsenate Leblanc et al. (1996); Pichler et al. (2001); Ahn et al. (2005)

Alpers et al. (1994); Sidenko et al. (1998); Lazareva and Pospelova

amorphous Ca-Fe-As arsenates (1998); Donahue et al. (2000); Frau and Ardau (2004)

amorphous Fe(III) sulfate Leblanc et al. (1996)

As phosphate Davis et al. (1996)

metal Fe-As oxides Davis et al. (1996); Hudson-Edwards et al. (1999)
Ca-As precipitates Donahue et al. (2000)

amorphous and cristalline Fe-As phase

(Fe3AsO5) Ahn et al. (2005)

1.3.4. Stability of secondary As minerals

Primary As-bearing minerals exposed to atmospheric weathering (in soils, mine/industrial
wastes dumps, etc.) become unstable, decompose and produce As rich solution from which As
secondary minerals, As-bearing secondary Fe(III) oxides/hydroxides and sulphates precipitate (e.g.,
Alpers et al., 1994; Bowell, 1994). Generally, the precipitation of As-containing minerals could occur
either (i) after their adsorption onto soil colloid surfaces or (ii) by direct precipitation of As solid
phases (Davis et al., 1996; Sadiq, 1997). Generally, there are three main processes that lead to the
immobilization of As from aqueous solutions interacting with solid matter: i) formation of secondary
As-bearing phases; ii) sorption of arsenate on Fe(IlI) oxyhydroxides and eventually to a minor
proportion by Mn (hydr)oxides (e.g., Manning et al., 1998; Sun and Doner, 1996; Raven et al., 1998),
and iii) via sorption or coprecipitation processes or substitution of sulphate by arsenate in some
sulphate minerals such as jarosite (KFes3(S04),(OH)¢) and rarely also gypsum (CaS04.2H,0), etc.
(Bowell, 1994; Myneni et al., 1997; Foster et al., 1998; Savage et al., 2000; Gasharova et al., 2005).

Most of secondary As minerals form coatings on surface of primary ores, various weathering
crusts and cements, massive or grained aggregates, as well as individual grains or crystals and other
morphological forms. Simplified paragenesis (i.e., the sequence in which minerals have been formed)
for As-bearing minerals is presented in Table 8, where also the main supposed physico-chemical
processes active in their origin are listed.

The stability of secondary As minerals depends on various parameters. Generally known and
crucial are the pH and redox potential (Eh) (e.g., Stumm, 1992; Pfeifer et al., 2003; Bodénan et al.,
2004; Sanchez-Rodas et al., 2005). Other important factors are crystallinity, molar Fe/As ratios
(Krause and Ettel, 1989; Papassiopi et al., 1988) and also microbial activity (Cullen and Reimer, 1989;
Ehrlich, 1996; Pongratz, 1998; Smith et al., 1998; Zobrist et al., 2000; Jones et al., 2000; Mancur et
al., 2001). Recently, several additional parameters have been found to be important for stability of
some As-bearing phases. In soils as well as in mine waste of different age, the degree of maturity and
thus amounts and type of cations in the pore-water may play a role in the chemical composition of
arsenates (Morin et al., 2002; Filippi et al., 2007; Drahota et al., in prep). Diversification of arsenates
during their precipitation under neutral and alkaline conditions is often strongly influenced by the
Ca/As ratio (Donahue and Hendry, 2003; Paktunc et al., 2004).
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Table 8. Schematic representation of the progressive oxidation (paragenesis) in the soil/mine waste containing As-
bearing primary minerals (compiled according to materials published by Jambor, 2003; Pfeifer et al., 2003; and
others)

Stage Main processes

Exposition of primary As and supergene As minerals (mainly sulfides and arsenides such

Initial as arsenopyrite, arsenian pyrite, 16llingite, and arsenolite, etc.).

Transformation (oxidation) of primary minerals in superficial parts (nano- and micro-
scale changes), i.e., precipitation of secondary products such as native S, Fe?* sulfates,
Early (1) amorphous or crystallised arsenites, arsenates, and As-bearing Fe oxyhydroxides, directly
on the surface of primary minerals;

Generation of As-rich solutions

Decrease of pH, acceleration of sulfide oxidation, start of decomposition of some rock-
forming minerals; Fe?* sulfates change to Fe3* sulfates; amorphous Fe oxyhydroxides
Early (2) recrystallize and release part of the As; arsenites change to arsenates; common reaction
of As-containing solutions with surroundings minerals; precipitation of the As secondary
minerals and As jarosite from solutions

Slowing of sulfide oxidation;

Mostly Fe3* sulfates are stable;

Partial transformation of Fe>* oxyhydroxides onto goethite;
Jarosite is stable and still precipitates

Mature

Consuming of sulfides, increase of pH, advanced decomposition of some rock-forming
minerals (=cations are available in solutions);

Late Changes in arsenates chemical composition may occur?

Most of Fe?* oxyhydroxides are transformed onto goethite;

Jarosite became unstable

According to Matera et al. (2003), three classes of arsenates can be distinguished according to
their different stability: i) Fe arsenates, ii) Ca arsenates and iii) other metal arsenates. The
proportions of these three classes are particularly linked to the nature of the mining site (type of ores,
treatments used, etc.) or/and to the mineralogical composition of the parent bedrock material.

Some authors found that As solubility decreases when the Fe/As atomic ratio of the
precipitates increases (e.g., Papassiopi et al., 1988). According to Krause and Ettel (1989) Fe
arsenates with a Fe/As ratio superior or equal to 4 are relatively insoluble, and Harris and Monette
(1989) estimated that a Fe/As ratio of 3 is sufficient to efficiently trap As in contaminated soils.
However, Matera et al. (2003) found that the most of the analyzed arsenate grains in their soil
samples presents a Fe/As ratio lower than 3.

According to Swash and Monhemius (1996), Fe arsenates are formed preferentially if sufficient
Fe and Ca are available in the solution; however, Ca arsenate compounds will precipitate in solutions
with Fe:As <1. As pointed out by Robins and Glastras (1987), the pH has the greatest influence on Fe
or Ca arsenate type precipitation, where the Fe arsenates precipitate at significantly lower pH values
than the Ca arsenates (pH 1-2 vs. pH 3-4). This finding agrees with conclusions of Dove and Rimstidt
(1985) who showed that scorodite is stable for pH values close to 2 when a(Fe3*) = 1073 and a(As0).,>
is higher than 0.1. For pH value higher than 3, the dissolution of scorodite leads to the precipitation of
iron hydroxides (Escobar Gonzales and Monhemius, 1988). Dove and Rimstidt (1985), studying a
synthetic scorodite, suggested that once arsenopyrite is consumed, scorodite dissolves incongruently
with precipitation of goethite and release of aqueous arsenate. Arsenate ions released by this

mechanism can be then sorbed onto iron oxides formed.
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Usually, in acidic soils, which are the most common environments connected to AMD areas in
mining districts namely Fe-arsenates occur, while Ca-arsenate, is the dominant species in basic and
limy soils (Robins and Glastras, 1987; Fergusson, 1990, Fukushi et al., 2003). On the other side, Ca
and Ca-Fe arsenates were found to be predominating in the neutral to slightly alkaline conditions of
minesoils and tailings (e.g., Morin et al., 2002; Filippi, et al., 2004; Pactunc et al., 2004; Filippi, et al.,
2007; Drahota et al., in prep).

Stability of Ca arsenate precipitates (namely in aqueous systems) has been investigated by
many authors because they are a possible immobilizers of As in mine waste via liming (e.g.,
Nishimura et al., 1985; Robins, 1981; Donahue and Hendry 2000).

In fact, except the scorodite, the environmental stability of most secondary As minerals found
in nature or mine deposits is not very well defined, therefore collecting data related to the conditions
of their occurrence could help to understand their stability in natural systems.
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CHAPTER 2. Determination of As-bearing minerals
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2.1. Introduction

Until recently, general knowledge about As cycling in the geosphere has been poor in
comparison to other hazardous elements (Matschullat, 2000). There are considerable gaps in the
knowledge about As solid phase speciation in soils (Matschullat et al., 2000; Kabata-Pendias and
Pendias, 2001). However, in recent years increasing amounts of research has been aimed at solid
phase speciation of As in the environment. Some focus on mine/industrial wastes and tailings (e.g.,
Gieré et al., 2003; Macklin et al., 2003; Paktunc et al., 2004; Bodénan et al., 2004; Filippi, 2004; Ahn
et al., 2005; Petrunic and Al, 2005; Williams et al., 2006), whilst others focus on contaminated soils
(e.g., Bowell, 1994; Voigt et al., 1996; Dhoum and Evans, 1998; Corwin et al., 1999; Roussel et al.,
2000; Craw et al., 2002; Morin et al., 2002; Fukushi et al., 2003; Néel et al., 2003; Ferreira da Silva
et al., 2004; Pfeifer et al., 2004; Matera et al., 2003; Moon et al., 2004; Ghosh et al., 2006; Filippi et
al., 2007). Therefore, much progress has recently been achieved in relations between the crystal
chemistry of As and its speciation and distribution at the Earth’s surface (Morin and Calas, 2006).

Such information is fundamental, because understanding transformation of the primary As
minerals into secondary species is an important step in order to understand the controls on
groundwater chemistry and thus the general geochemical cycling of the As at polluted sites.
Therefore, precise identification of the As-bearing minerals should be the first step of any research, as
it provides structural information necessary for predicting the reactivity of As (c.f., Frank, 1998).
Moreover, understanding the processes controlling the precipitation and transformation of secondary
As species will help to model the long-term behaviour of As and aid the development of potential
remediation strategies in contaminated areas (e.g., Camm et al., 2003).

There are several ways to determine and evaluate As solid phase speciation and mobility in
soils and sediments. A large number of the chemical approaches have been comprehensively reviewed
(e.g. Gleyzes et al., 2002a, b; Matera et al., 2003; Van Herreweghe et al., 2003; Francesconi and
Kuehnelt, 2004; Hudson-Edwards et al., 2004; Terlecka, 2005), as well as some of the mineralogical
approaches (e.g., Brown et al., 1998; Brown and Sturchio, 2002; Tamura et al., 2002; Vaughan et al.,
2002; Weisener 2003; Pansu and Gautheyrou, 2006), however, information related to the solid phase
speciation of As remain dispersed in many journals across the geo-branches.

The purpose of this review is, therefore, to summarize and briefly evaluate the mineralogical
approaches covering the correct sampling, identification and analyzing the As-bearing minerals that

are found in highly contaminated soils and mine/industrial wastes.
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The application of the methods cited, are related not only to secondary As minerals, but also

to other (mostly secondary) minerals that may contain significant amounts of the As.

For the list of abbreviation used in the text see Table 1.

Table 1. List of abbreviation

ADF annular dark field detector

AFM atomic force microscope

AMD, ARD acid mine/rock drainage

As arsenic

BAFP biologically active force probes

BF bright field detector

BFM biological force microscopy

BSE backscattered electron (image/micrograph)

DTA differential thermal analysis

DXRD differential X-ray diffraction

EELS electron energy-loss spectroscopy

EFTEM energy filtered transmission electron microscopy
EMPA electron microprobe analyses

ESEM environmental scanning electron microscopy
EXAFS extended X-ray absorption fine structure spectroscopy
FT-IR Fourier transform infrared spectroscopy
HAADF-STEM high-angle annular dark field scanning transmission electron microscopy
HRTEM high Resolution Transmission Electron Microscopy
IR infrared spectroscopy

LV-SEM low-vacuum scanning electron microscopy

MAS Mossbauer absoption spectroscopy

ND neutron diffraction

PIXE particle (proton) induced X-ray emission

RS Raman spectroscopy

SE secondary electron (image/micrograph)

SEM (-EDS/WDS) :gaerg?rlgsgcgfftron microscopy (with combination of energy/wavelength dispersion)
STEM scanning transmission electron microscopy

SXRD synchrotron-based X-ray micro-diffraction

TEM transmission electron microscopy

TGA thermogravimetric analysis

TOFLIMS time-of-fight laser-ionization mass spectroscopy
TOFSIMS time-of-fight secondary ion mass spectroscopy

Vis DRS Vis diffuse reflectance spectroscopy in the visible region
VMP voltammetry of microparticles

WDS wavelength dispersion spectroscopy

WDX wavelength-dispersive X-ray analyzer

XAES X-ray Auger electron spectroscopy

XAS X-ray absorption spectroscopy

XANES X-ray absorption near-edge structure spectroscopy
XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

XRF X-ray fluorescence

Dissertation of Michal Filippi

2.2. Methodological approaches

2.2.1. Sampling, sample treatment and preparation

For mineralogical and related geochemical analyses ca. 0.5-1 kg of sample is usually sufficient.

Soil samples are mostly taken by trenching, hand auger drilling, or down-hole (non-rotational)

hammer drilling. For sampling a stainless steel kit is widely used. Each different soil horizon (layer)
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should be sampled separately taking into account all macroscopic soil features, such as colour,
structure, moisture, etc., to understand possible changes in mineral distribution throughout the whole
soil profile (e.g., Morin et al., 2002; Fukushi et al., 2003; Van Herreweghe et al., 2003; Filippi et al.,
2007). To sample various types of consolidated (cemented) tailings, a diamond drill core (e.g., Craw
et al., 1999; Paktunc et al., 2004), the sonic drill core (Donahue et al., 2000; Salzsauer et al., 2005),
or digging by a mechanical excavator in case of waste piles (Gieré et al., 2003) have to be employed.
For further geochemical study only the inner parts of the cores should be separated to prevent
chemical contamination from the tube core barrel. Attention should also be made to possible
contamination by using a hammer during sampling of stones and hardened tailings materials as well.

As has been generally anticipated for a longer time and experimentally verified (Jen-How and
Gunter, 2006), effect of sample preparation procedures, such as drying and storage, on the resulting
As speciation may be significant. Hence consideration of sample storage and transport should be
made. In the case of surface aerobic soils or well oxidized mine wastes, which are drained and
exposed to climatic action, the sampled material may be stored in unfailing paper or plastic bags, in
air-tight bags (e.g., Hudson-Edwards et al., 1999) or in polypropylene containers (e.g., Matera et al.,
2003). In the laboratory these samples are usually dried slowly at a room temperature (e.g., De
Brouwere et al., 2004; Salzauler et al., 2005) or oven-dried at temperatures up to ca 40 to 50 (C
(Ferreira da Silva et al., 2004).

Samples from water saturated profiles or from reduced or just inner parts of hardened
tailings materials, should be stored in air-tight bags or sealed polyethylene containers, glass vials or
bottles (Hudson-Edwards et al., 1999; Donahue et al., 2000) or rather in N2 (Keon et al., 2001;
Bodénan et al., 2004) or Ar atmosphere (Pfeifer et al., 2004).Freezing immediately after sampling is
also commonly used (Blowes and Jambor, 1990; Donahue and Hendry, 2003; Salzsauer et al., 2005;
Petrunic et al., 2006). Both frozen and unfrozen samples should be stored in the dark prior to other
treatment (e.g., Donahue et al., 2000). In wet and reduced samples, freeze-drying preserves the
features of the sample better than oven or air drying. For small samples (approximately 30 cm3) the
use of a dehydration apparatus at CO2 critical point gives excellent results (Pansu and Gautheyrou,
2006).

All these procedures help to prevent possible oxidation of the chemical elements, undesirable
crystallization or decomposition of mineral phases and other changes of physico-chemical parameters
in soils and soil waters.

Prior to application of other methods, soil samples should be split into sub-samples by
quartering to reduce bias in sub-sampling (Van Herreweghe et al., 2003) and separated by sieving,
sedimentation, pipette or other methods (see Pansu and Gautheyrou, 2006) into various grain-size
fractions, because the As mineralogical speciation depends on the grain size (e.g., Dudas, 1987;
Manful et al., 1994; Kavanagh et al., 1997). Sieving can be performed dry or wet (in non-aqueous
media such as denatured alcohol, pure acetone, etc.) to minimize possible dissolution of water soluble
phases, which may be present (Blowes and Jambor, 1990; Filippi et al., 2004). In grain morphology
studies, samples should be washed in non-aqueous media, because the grain surface could be
disguised by some fine powder or by clay coatings (Filippi et al., 2007). Washing of sample may also
disintegrate possible mechanical accumulations or clusters of grains, which can partly depreciate other
procedures such as concentration in heavy liquids (see below).

Samples used for mineralogical study may be either bulk soils or selected fractions of a soil
(Dixon and White, 1994). However, application of XRD as the most common method for the solid
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phase identification is often limited by lack of the studied As minerals. In diffractograms of bulk soil
samples, peaks are untraceable due to high background counts of the other minerals (Van
Herreweghe et al., 2003). Pre-concentration procedures for the As-bearing minerals is only rarely
mentioned in the literature, although this approach may solve the above mentioned problem. The
following methods have been referred in the literature: i) magnetic separation using Frantz isodynamic
separator (Van Herreweghe et al., 2003); ii) pre-concentration of medium and heavy mineral fraction
by panning in denatured alcohol (Filippi et al., 2004); and iii) density separation in heavy liquids such
as tetrabromomethane, methyliodine, bromoform, etc. (Lin and Qvarfort, 1996; Pichler et al., 2001;
Van Herreweghe et al., 2003; Thornburg and Sahai, 2004; Filippi et al., 2007). As a non-toxic
alternative to bromoform, sodium polytungstate has also been used in heavy liquid separation
(Munsterman and Kerstholt, 1996). Most As-containing minerals remain in medium or heavy mineral
fractions (densities from ca. 2.5 g/cm3), therefore using heavy liquids of various densities (obtained
by mixing with water, 1,4-dioxan, or other solvents) may help considerably to concentrate rare
minerals.

Polished and thin sections should be performed carefully from samples of which the
composition is poorly known. If water soluble minerals are expected, polished and thin section should
be made in non-aqueous media to prevent dissolution (Salzsauer et al., 2005). Incoherent soil and
tailing samples have to be impregnated with epoxy resin before cutting for polished thin section (e.g.,
Craw et al., 2002; Morin et al., 2002; Strawn et al., 2002).

2.2.2. Instrumental methods

2.2.2.1. Binocular and optical microscopy

Under binocular microscope, general information about mineral grains (secondary crusts,
aggregates, etc.) may be gained and samples may be split for further procedures (Juillot et al., 1999;
Filippi et al., 2007).

Although examination of polished and/or thin sections by optical microscopy may appear
archaic in modern environmental research, it provides useful information about the sample and is
often used as the first step of more complex mineralogical research (e.g., Craw et al., 1999; Juillot et
al., 1999; Courtin-Nomade et al., 2003; Gieré et al., 2003; Néel et al., 2003; Van Herreweghe et al.,
2003). Above all, knowledge about the rock-forming minerals; the relationship between individual
mineral phases (overgrowths or intergrowths, replacements by younger phases, etc.), information
about individual grains (inner structure, inclusions, fracturing, etc.) and about stability of minerals
(dissolution features, presence/absence of the primary unstable minerals, etc.) is very useful. In
addition, simple observation by optical microscopy can be supplemented with IR to UV radiation,

cathodo-luminiscence, etc. and can be accompanied by digital photography or video images.

2.2.2.2. XRD, DXRD, pXRD

X-ray powder diffraction (XRD), together with scanning electron microcopy, are the most
common methods used for identification (characterization) of As-bearing minerals in soils and mine
wastes. Monochromatic X-rays are used to determine the interplanar spacings of the unknown
crystalline solids. The spacing in the crystal lattice is determined using Bragg's law. The X-ray spectra
generated (diffractograms or diffraction patterns) are compared with tabular data. Mixtures of
crystalline materials can also be analyzed and relative peak heights of multiple materials may be used
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to obtain semi-quantitative estimates of abundances. Several types of diffractometers have been
developed over the years to analyze various materials such as single crystals, powders, flat plates,
thin films, etc. (Frank, 1998).

In environmental mineralogy, powder diffraction and monocrystal diffraction are commonly
used. The XRD is applied for the first overview of the mineralogical composition in the bulk soil sample
as well as for the detailed study of separated mineral grain fractions (e.g., Morin et al., 2002; Filippi et
al., 2004) or individual mineral phases (e.g., Juillot et al., 1999; Gieré et al, 2003; Filippi et al.,
2007). However, studied samples should comprise at least a few weight percent (ca. 5-10 %) of the
As minerals displaying a high degree of crystallinity (e.g., Keon et al., 2001). In case of insufficient
amount of the As minerals, pre-concentration of the sample has to be performed. For minerals
displaying poor crystallinity, monocrystal powder X-ray diffraction or single crystal diffraction may aid
identification.

Detection of poorly crystalline Fe(III) minerals such as ferrihydrite and schwertmannite in
multiphase samples requires more sophisticated approaches. Differential X-ray diffraction (DXRD),
based on the leaching of the sample in NH4-oxalate in the dark, is one of such special methods, but it
requires at least a general knowledge of the dissolution kinetics (Schulze, 1981; Schulze, 1994; Sucha
et al., 2002; Dold, 2003). However, other methods, which are not based on identification according to
the atomic-scale periodicity, have to be used for amorphous species (see below).

Analyzing natural As-containing minerals may be complicated as they often occur in complex
mixtures with common rock-forming minerals. Peaks of As-bearing minerals in diffractograms may be
overlapped by other mineral peaks. A useful way to get relevant information is to simulate the
experimental data, which may be done with Rietveld analysis using structural models for identified
phases (Juillot et al., 1999; Morin et al., 2002). The basis of the Rietveld method lies in calculation of
the simulated powder-diffraction pattern for each mineral phase. A detailed description of the
principles of Rietveld method and its general utilization in environmental mineralogy is presented by
Raudsepp and Pani, 2003, they also summarize difficulties associated to adequate grinding of the
sample, as the size of powder particles was found to be significant for peak shape in diffractograms
(see also Bish and Reynolds, 1989; Jenkins and Snyder, 1996).

For identification of fine grained (< 5 pm) secondary products of arsenopyrite oxidation
Flemming et al. (2005) developed the modified micro X-ray diffraction (uXRD) based on a
conventional (not synchrotron-based, see below) close-tube X-ray generator. This pXRD determination
allows the in situ measurement in a rock slab (or thin/polished sections) and the pXRD can be directly
compared, on grain-to-grain basis, to other micro-analytical data, such as electron microprobe
analyses (EMPA).

Another potentially interesting tool for research of unstable secondary minerals (applicable
probably also on some As phases) was presented by Peterson and Grant (2005). They developed a
special sample stage and control system to enable powder XRD measurement during varying humidity
and temperature. Such ability to study dehydration-hydrataion reactions of minerals in controlled
environments creates an opportunity to evaluate reactions, which may play a role in transformations

of secondary minerals in geological environments.

2.2.2.3. XRF
X-ray fluorescence (XRF) is based on the emission of characteristic "secondary" (or
fluorescent) X-rays from a material that has been excited by bombarding with high-energy X-rays or
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gamma rays. There are two main types of XRF instruments: energy dispersive XRF and wavelength
dispersive XRF.

It is ideally suited to the measurement of film thickness and composition, determination of
elemental concentration by weight of solids, and identification of specific and trace elements in
complex sample matrices. This XRF technique is often used as a rapid analytical tool for determination
of qualitative or semi-quantitative chemical composition of the solid samples such as soils and mine
waste materials (Lumsdon et al., 2001; Donahue and Hendry, 2003; Fukushi et al., 2003; Filippi et
al., 2007). It is also possible to analyze very small amounts of the sample, via mounting the selected
fraction on a polyethylene film (Gieré et al, 2003). However, other methods such as EMPA have to

follow for more detailed determination of chemical composition of individual As-bearing particles.

2.2.2.4. XPS, XAES, TOFSIMS, and TOFLIMS

X-ray photoelectron spectroscopy (XPS) is based on the photoemission that occurs when a
sample is irradiated with highly focused monochromatised X-rays. It is a result of ionization of a core-
level electron (Weisener, 2003). XPS is a useful method due to its ability to provide direct chemical
composition of the mineral surfaces. Reasonably quantitative data of the surface atomic composition
of primary As minerals is important in understanding processes related to oxidation and subsequent
AMD generation and thus mobilization of various elements (such as As) into the environment
(Weisener, 2003). Therefore oxidized pyrite and arsenopyrite surfaces have been studied extensively
using this method (e.g., Buckley and Woods, 1987; Mycroft et al., 1990; Karthe et al., 1993;
Evangelou and Eggleston et al., 1996; Rimstidt and Vaughan, 2003; and e.g., Richardson and
Vaughan, 1989; 2003; Nesbitt et al., 1995; Nesbitt and Muir, 1998; Schaufuss et al., 2000; Jones et
al., 2003; Mikhlin et al., 2006, respectively). Jones and Nesbitt (2002) published a comparative XPS
study of the Fe and As of surfaces of pyrite, marcasite, arsenopyrite and léllingite. Recently, XPS in
combination with other techniques has been used to identify other As-bearing phases (scorodite, As-
plumbojarosite, ferrihydrite, etc.) in environmental samples (e.g., Frau et al., 2005).

In X-ray Auger electron spectroscopy (XAES), a highly focused and energetically defined
electron beam interacts with the sample. Because of the low kinetic energies of the ejected Auger
electrons, their escape depth is limited to a few atomic layers, therefore only the top atomic layers (~
4 nm) of the sample is analyzed, and like EDX, the Auger microprobe can produce elemental maps by
scanning (Weisener, 2003). Moretti (1998) and Weisener (2003) summarized the application of XAES
to various sulphide minerals. Atzei et al. (2003) described the use of XAES (together with XPS) for
characterizing the valence state of As in complex environmental samples.

To study surfaces of various sulphides from mine and processing wastes, Weisener (2003)
proposed techniques based on secondary ion mass spectroscopy (SIMS), such as time-of-flight
secondary ion mass spectroscopy (TOFSIMS) and time-of-flight laser-ionization mass spectroscopy
(TOFLIMS).

SIMS is the mass spectroscopy of atomic or molecular particles which are emitted when the
mineral surface is bombarded by energetic primary ions or neutral species such as Ar*, 0,*, Cs* or
Ga*. TOFSIMS uses a pulsed Nd-AYG laser beam to remove molecules from the outermost surface of
the sample instead of an ion beam, and two laser beams (ablation and post-ionization laser) of
various direction are used for the analysis. The particles removed from the surface (secondary ions)
are accelerated into a "flight tube" and their mass is determined by measuring the exact time at which
they reach the detector (Weisener, 2003). TOFSIMS can detect trace elements and image the
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chemical distribution on surfaces with resolutions near 0.5 um. A more detailed description of this
method is given by Weisener (2003), and by Martin et al. (1997) who applied this technique to surface
chemical composition analyses of As- and Pb- containing particles in mine tailings. Martin et al. (1997)
and Al et al. (2000) consider TOFLIMS as a very surface-sensitive technique, that provides chemical
information from surfaces of irregularly shaped mineral particles (< 100 pm in diameter), which are
considered to be representative of particle surface coatings in the tailings pile. In addition, the
combination of speed of analysis (ca 1 min), small beam-diameter (2-4 um), surface sensitivity (2-10
nm), trace-element sensitivity, and capability to analyze rough surfaces makes this method very
useful for studies of pore-water geochemistry and sulfide-rich mine tailings mineralogy.

2.2.2.5. SEM-EDS/WDS and EMPA

Scanning electron microscopy (SEM) combined with energy/wave dispersive spectroscopy
(EDS/WDS) and electron microprobe analyses (EMPA) are the most commonly used methods in As
solid speciation studies. In SEM, a fine focused, high-energy primary electron beam interacts with the
surface of a specimen in a high vacuum environment (in most instruments). This probe is then
rastered over the specimen and an image is built. The most common imaging modes are via detection
of the low energy (<50 eV) secondary electrons (SE) and via high-energy (above 50 eV) back-
scattered electrons (BSE). Due to their low energy, secondary electrons originate within a few
nanometers from the surface, so they are used for imaging of surface morphology. Backscattered
electrons consist of high-energy electrons originating in the electron beam, that are reflected or back-
scattered out of the specimen interaction volume. Backscattered electrons may be used to detect
contrast between areas with different chemical compositions, since the brightness of the BSE image
tends to increase with the atomic number.

In the EMPA, the spectrometers EDS/WDS detects characteristic X-rays of the elements from
the sample excited by the primary beam penetrating into the sample. Thus this tool is used for
determination of small volumes of solid materials.

Geological samples for SEM and EMPA are usually coated with a conductive material to reduce
charge buildup on the specimen (White and Dixon, 1995). Gold or rarely platinum or palladium are
used for SE micrographs and carbon for EMPA. For morphological studies of individual grains, samples
are fixed onto an aluminium stub using conductive carbon tape or glue. For both EMPA and X-ray
element mapping polished and thin sections are used. Analyzing non-polished flat surfaces of coated
particles may only be used to gain qualitative information about the sample. It is also possible to
tentatively identify minerals by morphology combined with qualitative chemical composition (White
and Dixon, 1995).

Recently however, low-vacuum SEM (LV-SEM) and environmental SEM (ESEM) have been
developed and successfully used to study environmental samples without the need of a high vacuum
or carbon coating (Mathieu, 1998; Pansu and Gautheyrou, 2006).

BSE and SE imaging combined with EDS and X-ray mapping are very powerful tools which
may help to distinguish various groups of As minerals in samples, which may aid the selection of other
methods (c.f., Lin and Qvarfort, 1996; Voigt et al., 1996; Hudson-Edwards, 1999; Chappell and Craw,
2002; Courtin-Nomade et al., 2003; Gieré et al, 2003; Camm et al., 2003; Fukushi et al., 2003; Lee
et al., 2005; Filippi et al., 2007).

It is important, when using SEM to identify minerals, to be aware of secondary surface
coatings on the studied mineral particles. Care must be also taken in identifying minerals using
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morphology alone, because, in same cases mineral pseudomorphs could occur (e.g., Filippi et al.,
2007). The BSE imaging and X-ray element mapping is powerful tool to recognize mixed grains or
various types of chemical heterogeneity in individual grains (Camm et al., 2003; Gieré et al, 2003;
Matera et al., 2003; Filippi 2004; Lee et al., 2005; Filippi et al., 2007).

2.2.2.6. TEM, STEM, HRTEM, and related techniques

Transmission electron microscopy (TEM) is an optical instrument for imaging specimen
structures at high resolution beyond that possible in an optical microscope and SEM. The TEM is based
(similar to SEM) on an electron beam, which is focused toward a sample. The specimen must be very
thin (typically < 200 nm), depending on the density and elemental composition of the sample
(Weisener, 2003). The information is obtained from both deflected and non-deflected transmitted
electrons, backscattered and secondary electrons, and emitted photons. Because of the high spatial
resolution obtained, TEM is employed to determine crystallography of fine-grained nanoscale particles.
With the addition of EDS or electron energy-loss spectroscopy (see below), TEM can be used to
determine elemental composition of nanoscale particles and is capable of identifying the chemical
composition in areas < 0.5 pm in diameter (Reimer, 1994).

Scanning transmission electron microscopy (STEM) combines features of both the TEM and
SEM to produce transmission images obtained with a scanning probe. Images in the STEM are
produced while scanning the beam over the specimen. Electrons transmitted through the specimen
can be detected on a detector on the axis of the microscope (bright field detector - BF), or on an
annular detector sensing electrons scattered through a range of angles (annular dark field detector -
ADF) (Pansu and Gautheyrou, 2006). The main applications of a STEM are high spatial resolution
microanalysis and imaging. X-ray spatial resolution of around 1 nm is possible with sufficient beam
current to collect statistically significant EDX spectra in 100 seconds (Pansu and Gautheyrou, 2006).
The scanned probe also allows the collection of X-ray maps and line scans. Imaging with a resolution
equivalent to the minimum probe size is possible using electrons scattered through high angles onto
the ADF detector. The intensity of the signal on the detector is proportional to the average atomic
number under the probe, and in correctly oriented crystalline samples, it is possible to get Z contrast
images at atomic resolution.

Electron energy-loss spectroscopy (EELS) is based on the incidence of the electron beam on a
specimen, when part of the electron beam is inelastically scattered and loses energy. Elemental
composition and atomic bonding state can be determined by analyzing the energy with the
spectroscope attached (Weisener, 2003). Moreover, by selecting electrons with specific energy loss by
a slit so as to image them, element distribution in specimen can be visualized (elemental mapping);
similar to those obtained by SEM-EDS, but of a higher resolution. The EELS and related techniques
have been used by Hochella et al. (1999) to study sediments from AMD sites. Garvie and Buseck
(2004) applied EELS to study pyrites and Ouvrard et al. (2005) used a variety of mineralogical
instrumental techniques including, EELS to understand the retention of As on a natural manganese
sand.

High Resolution Transmission Electron Microscopy (HRTEM) is an imaging mode of the TEM
that allows the imaging of the crystallographic structure of a sample at the atomic scale. Because of
its high resolution, it is an invaluable tool to study nanoscale properties of crystalline material such as
various oxidation products of primary As minerals. At present, the highest resolution realized is 0.8 &,
which allows the imaging of individual atoms and crystalline defects.
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High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) in
combination with other standard TEM techniques is a relatively new technique for identifying and
characterizing trace quantities of minerals at the nanoscale. The main advantages of this method are
underlined by Utsunomiya et al. (2003) as follows: (i) High resolution HAADF-STEM images of
minerals can provide near atomic-scale elemental information when the composition of the area of
interest is known. In HAADF-STEM as the contrast increases, the atomic number increases. In
contrast, TEM images never contain elemental information and energy filtered TEM (EFTEM) does not
achieve atomic-scale resolution in elemental mapping. (ii) The contrast in HAADF-STEM does not
change significantly as a function of defocus, while the contrast in TEM changes according to the
contrast transfer function with changing defocus.

TEM and HRTEM have been used almost as often as SEM recently to study As bearing minerals
in mine-related environments. Using TEM (HRTEM) in combination with other techniques is a
particularly versatile method, because it provides a variety of imaging, analytical, and diffraction
techniques with spatial resolution on the order from nm to um, consistent with the fine-grained nature
of most low-temperature minerals (see e.g., Bigham et al., 1996; Hochella et al., 1999; Al et al.,
2000; Thornburg and Sahai, 2004; Frau et al., 2005; Petrunic and Al, 2005; Hochella et al., 2005).
Utsunomiya et al. (2003) analyzed nanocrystalline hydrothermal alteration products on the surface of
the arsenopyrite from natural rock outcrops using HAADF-STEM, and Petrunic et al. (2006) studied

altered arsenopyrite grains from mine tailings.

2.2.2.7. AFM, BFM, BAFP

The atomic force microscope (AFM) is a very high-resolution type of scanning probe
microscope. The AFM has several advantages over SEM. Unlike the electron microscope which
provides a two-dimensional projection or a two-dimensional image of a sample, the AFM provides a
true three-dimensional surface profile (Weisener, 2003). Samples viewed by AFM do not require pre-
treatment and most AFM modes work well in ambient air or even in liquid environments. This makes it
possible to study biological macromolecules and even living organisms which are often associated with
As-bearing minerals.

Charlet et al. (2003) used an AFM to study naturally occurring As-bearing minerals and Mikhlin
et al. (2006) studied oxidized arsenopyrite from tailings material. AFM has also used in experimental
studies related to possible As-carriers, such as jarosite (Gasharova et al., 2005) or for studies dealing
with remediation procedures from contaminated groundwaters (Kanel et al., 2005).

Bacteria often play an important role in the processes related to the As-bearing minerals
surface changes, thus biological force microscopy (BFM) is a valuable tool for quantitative
measurements of the in-situ interfacial and adhesion forces between native bacterial cells and mineral
surfaces (Lower et al., 2000). The biologically active force probes (BAFP) are used for determining the
natural and complex biomolecular networks on the surface of bacteria, and especially the complex
nature of adhesive forces associated with bond formation, intra molecular forces, and extension of
outer membranes that form the bridge between the mineral surface and bacterium (Weisener, 2003).

More detailed descriptions of these techniques and their applications are given by Lower et al. (2001).

2.2.2.8. PIXE
Particle (usually proton) induced X-ray emission (PIXE), is a non-destructive elemental
analysis technique which may help in identifying minerals in various matrices. The principle of the
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method lies in the interaction of accelerated protons with a sample, which causes inner shell ionization
of atoms in a sample - outer shell electrons drop down to replace inner shell vacancies — however only
certain transitions are allowed. X-rays characteristic of an element are emitted and detected and
measured within an energy dispersive detector. The intensities of X-rays are then converted to
elemental concentrations (Hill et al., 2003; Ryan, 2004).

Compared to electron based X-ray techniques, PIXE offers better peak to noise ratios and
consequently much higher trace element sensitivities (Ryan, 2004). One of the most important
advantages of PIXE is that a proton beam can be brought out from the high vacuum environment of
the accelerator into the ambient environment of the laboratory.

PIXE has been used to determine As in contaminated soil samples (Rajander et al., 1999), in
weathering products of primary sulphide mineralization e.g. goethite (Wilson et al., 2002), or to
identify precipitates from mineralized hydrothermal fluids in coral reefs (Pichler et al., 1999).

Nevertheless, this method is not very commonly used in environmental mineralogy, though its
powerful application in many projects illustrates its large potential (cf., Gill et al., 2002; Hattori et al.,
2002; Ohnuki et al., 2004; Baker et al., 2006; Zucchiatti et al., 2006).

2.2.2.9. Synchrotron-based radiation methods: pXRF, puXRD, XAS - (H)EXAFS and
(n)XANES

Synchrotron radiation methods have emerged as an incisive probe of local structures around
selected atomic species in various solids (both the crystalline and amorphous), and also in liquids;
thus is increasingly applied in modern mineralogical/environmental studies (Vaughan et al., 2002;
Francesconi and Kuehnelt, 2004). The ability to provide increased intensity, collimation, tunability of
specific energies of the source, and for most cases no vacuum environments for samples allowing the
realistic in-situ experiments, distinguishes synchrotron techniques from conventional X-ray sources
(Weisener, 2003). In addition, very small beam sizes are a powerful tool for analyzing very small
grains (Tse, 2002).

In environmental studies, synchrotron radiation techniques used for As (and other elements)
speciation studies include: X-ray micro-fluorescence (uXRF), X-ray micro-diffraction (uXRD), and the
X-ray absorption spectroscopy (XAS) which covers both the extended X-ray absorption fine structure

spectroscopy ((M)EXAFS), and X-ray absorption near-edge structure spectroscopy ((HM)XANES).

2.2.2.9.1. uXRD and pXRF

Synchrotron pXRD (SXRD) is a structural analysis technique which enables the examination of
very small sample areas. Like conventional XRD instrumentation, pXRD relies on the dual
wave/particle nature of X-rays to obtain information about the structure of crystalline materials. This
technique is a very powerful tool for identifying individual soil particles or to pinpoint the location of
small mineral particles within a soil sample, which can be done neither by common X-ray
diffractometry or by TEM (Vodyanitskii, 2006). Grain-by-grain pXRD, together with uXANES has been
used to study As-rich mine wastes e.g., Walker et al. (2005).

Synchrotron-based pXRF in combination with other synchrotron methods (see below), is used
to generate elemental distribution maps of soil/sediment thin sections with the main emphasis to
reveal relationships between the distribution of the micro- and macroelements, and to recognize
mineral aggregates in various environmental samples (Strawn et al., 2002; Weisener, 2003;
Kirpichtchikova et al., 2006).
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The combination of pXRD and pXRF inconjunction with other XAS techniques, may help
considerably with the chemical and structural characterization of As solid state speciation in various
types of very small samples, where conventional methods like SEM, TEM, etc. fail (e.g., Jambor et al.,
2000; Arai et al., 2006).

2.2.2.9.2. XAS techniques

Synchrotron based X-ray Absorption Spectroscopy (XAS) is the main technique to obtain
detailed information on the speciation and coordination environment of As in the solid phase in
geological and environmental samples (e.g., Waychunas et al., 1993; Myneni et al., 1998; Strawn et
al., 2002; Walker et al., 2005). However, access to this technique is difficult, and the analyses are
very expensive (Frau et al., 2005). This technique is also sometimes not practical due to limited
difficulty of data analysis for heterogeneous, natural samples (Fendorf and Sparks, 1996; Foster et al.,
1997). XAS spectroscopy is based on the interaction of the X-ray radiation with the sample, when the
oscillating electric field of the X-rays interacts with the electrons in an atom. The radiation is either
scattered by these electrons or is absorbed and excites the electrons (Jalilehvand, 2006).

The (W)EXAFS spectrum results when a photoelectron ejected by the absorption of an X-ray
travels outward and is then backscattered by its nearest neighbor. The (U)EXAFS region typically
starts from ca 40 up to 1000 eV above the absorption edge. In contrast, (4)XANES spectra are
produced by multiple scattering resonances of an photoelectron among neighboring atoms. The
(M)XANES spectra provide qualitative information on the local coordination and oxidation state. The
(M)XANES region typically extends from ca 30-40 eV. The interpretation of (W)XANES spectra is more
complicated than (u)EXAFS spectra, since the exitation process essentially involves multi-electron and
multiple scattering interactions (e.g., Brown et al., 1988; Weisener, 2003). Combined (u)EXAFS and
(M)XANES spectroscopy can provide information on both the chemical state and the local structural
environment (in average interatomic distances up to 5-6 /3) for materials, such as fluids, colloidal
precipitates, surface absorbed species, and poorly crystallized minerals, etc. (Weisener, 2003).

In environmental studies, the (P)XANES is applied for the quantitative mineralogical
microanalysis of undisturbed samples, as well as studying the relationship between the microelements
and the solid phase of a soil (Strawn et al., 2002; Vodyanitskii, 2006). This microstructure-study
technique requires an adequate sensitivity to the weakly ordered particles and a very low threshold of
element discovery. This is equal to about 0.01 % of the bulk elements, which fits to their amount in
soils (Vodyanitskii, 2006).

In recent years, XAS techniques (both the EXAFS and XANES) have been used to determine As
solid phase speciation in various types of environmental samples. Waters affected by AMD were
studied by e.g., Foster et al. (1997, 1998), Savage et al. (2000) or by Farquhar et al. (2002); mine
wastes and related materials were studied by e.g., Pfeifer et al., (2003), Paktunc et al., (2004), Arcon
et al., (2005), Walker et al., (2005), van Elteren et al., (2006); and contaminated soils (e.g., Manning
(2005) Fendorf and Sparks (1996), Morin et al. , 2002; Strawn et al., 2002). Environmentally
important synthetically produced compounds and other materials/minerals, were studied by e.g.,
Fendorf et al. (1997), Morin et al. (2003), Paktunc and Durtizac (2003), Sherman and Randall (2003),
Ona-Nguema, et al. (2005), Savage et al. (2005), Smith et al. (2005) and Ouvrard et al. (2005).
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2.2.2.10. Infra-Red spectroscopy and other related techniques

Infra-Red (IR) spectroscopy covers a range of techniques, which can be used to identify
mineral phases in a sample based on characterizing energies of various vibrations of the molecules. IR
radiation corresponds to these energy levels and IR absorption occurs when the frequency of the
radiation is equal to that of the vibrations (see Pansu and Gautheyrou, 2006).

In order to analyze a sample, an IR radiation beam is passed through the sample, and the
amount of energy absorbed at each wavelength is recorded. This may be done by scanning through
the spectrum with a monochromatic beam, which changes in wavelength over time, or by using a
Fourier transform instrument to measure all wavelengths at once. From this, a transmittance or
absorbance spectrum may be plotted, which shows at which wavelengths the sample absorbs the IR,
and allows interpretation of the bonds present (Pansu and Gautheyrou, 2006).

A disadvantage of the Infra-Red Spectroscopy is the relatively large amount of sample needed

and complicated sample preparation (pellets composed of powdered sample and KBr, KClI, etc.).

2.2.2.10.1. IR

Infrared absorption spectroscopy (IR) deals with the infrared part of the electromagnetic
spectrum (between visible and microwaves, ca 1-1000 um). The IR region is usually divided into three
energy sections: Near-IR, Middle-IR, and Far-IR.

IR spectroscopy is the most commonly used IR technique for phase identification in
environmental (mineralogical) samples, and usually complements the XRD, because it is applicable
also to amorphous phases.

Particular minerals can be identified, along with the nature and the direction of the chemical
bonds. Thus the IR helps for better understanding of atomic structures and isomorphic substitutions in
some cases. These data also help to quantify molecular water and constitutive hydroxyls and to detect
presence of crystalline or non-crystalline impurities, which influence the regularity of the lattice
structure (e.g., Tuddenham and Lyon, 1960; Taylor et al., 1970; Pansu and Gautheyrou, 2006). Gieré
et al. (2003) used IR spectroscopy and thermogravimetric analysis (see below) for characterization of
various amorphous As-bearing iron sulpho-arsenates, which were not possible to identify and

characterize by SEM-EDS/WDS or XRD due to a lack of material and its amorphous nature.

2.2.2.10.2. FT-IR and MAS

Fourier transform infrared spectroscopy (FT-IR) is another technique for collecting IR spectra.
Instead of recording the amount of energy absorbed when the frequency of the infra-red light is varied
(monochromator), the IR light is guided through an interferometer. Performing a mathematical Fourier
Transform on the signal (so-called interferogram) results in a spectrum identical to that from
conventional (dispersive) IR (Pansu and Gautheyrou, 2006). Measurement of a single spectrum is
faster in FT-IR because the information at all frequencies is collected simultaneously. This allows
multiple samples to be collected and averaged together resulting in an improvement in sensitivity
(Griffiths and De Haseth, 1986).

Moéssbauer spectroscopy is a technique based on the Mdssbauer effect. In its most common
form, Mdssbauer Absorption Spectroscopy (MAS), a solid sample is exposed to a beam of gamma
radiation, and a detector measures the intensity of the beam that is transmitted through the sample
(Tuddenham and Lyon, 1960). In the resulting spectra, gamma-ray intensity is plotted as a function of
the source velocity. At velocities corresponding to the resonant energy levels of the sample, some of

the gamma-rays are absorbed, resulting in a drop in the measured intensity and a corresponding dip
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in the spectrum. The number, positions, and intensities of the peaks provide information about the
chemical environment of the absorbing nuclei and can be used to characterize the sample.

In environmental sciences related to As solid speciation, IR techniques (mostly FT-IR and
MAS) are usually used to determine and characterize natural or synthetic hydrated iron oxyhydroxides
and oxyhydoxysulfates (Kosmas et al., 1984; Bigham et al., 1990; Sun and Donner, 1996; Carlson et
al., 2002; Kanel et al., 2006; Lakshmipathiraj et al., 2006); clay minerals (Lin and Puls, 2000; Wang
and Mulligan, 2006); or arsenate and other minerals (Brown et al., 1990 ; Murzin et al., 2003; Mollah
et al., 2004; Raposo et al., 2004; Ouvrard et al., 2005; Marquez et al., 2006).

2.2.2.10.3. RS

Raman (vibrational) spectroscopy (RS) is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a sample. Typically, a sample is illuminated with a laser
beam. Photons in the sample are absorbed or emitted by the laser light, resulting in the energy of the
laser photons being shifted up or down. The shift in energy gives information about the photon modes
in the sample (Pansu and Gautheyrou, 2006).

In the end of the ninetieths, this technique has been used for study of oxidized pyrite surfaces
(Mycroft et al., 1990). Recently, the RS is employed increasingly in investigation of As-bearing
secondary minerals from different types of geological environment (Courtin-Nomade et al., 2003;
Frost and Kloprogge, 2003; Frost et al., 2003; Martens et al., 2003; Thornburg and Sahai, 2004;
Kloprogge et al., 2006; Filippi et al., 2007). Application of RS for identification of As-bearing minerals
may be useful. However, until now some rare arsenates found in soils/wastes has not been possible to
identify because of a strong fluorescent effect of unascertained origin (Filippi et al., 2007). Similarly,
the lack of published spectra of most arsenantes is a limiting factor. The main advantages of this
method, compared to XRD, lie in the selectivity, simplicity of sample preparation and amount of the
sample and in quickness of the measurement. Raman spectra can be collected from a very small
volume of mineral phases (< 1pym in diameter) in polished sections and it is also simple to analyze

tiny pulverized particles, which is very useful for research of scarce secondary As minerals.

2.2.2.11. Thermal analysis: TGA, DTA

Thermal analysis comprises a group of techniques in which a physical property of a sample is
measured as a function of temperature, while the sample is subjected to a controlled temperature
programme. The most commonly used methods in environmental science are based on changes of
weight and energy of the sample during the heating. Used in combination with other mineralogical
methods, thermal analysis is a valuable tool for the environmental samples that allow the qualitative
identification and quantitative determination of many minerals, mainly clays and various iron
oxyhydroxides.

Thermogravimetric analysis (TGA) is performed on samples to determine changes in weight
during heating. Such analysis relies upon a high degree of precision in measurements of weight,
temperature, and temperature change. TGA is commonly employed in research and testing the
degradation temperatures, absorbed moisture content of minerals, the level of inorganic and organic
components in soils, etc. Because many weight loss curves look similar, they may require
transformation before results are interpreted. A derivative weight loss curve can be used to tell the

point at which weight loss is most apparent (Pansu and Gautheyrou, 2006).
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Differential thermal analysis (DTA) enables quantification of exothermic or endothermic energy
changes at various temperatures without inevitably modifying weight (Pansu and Gautheyrou, 2006).
DTA is based on the record of difference in temperature between a measured sample and an inert
reference material, when both are subjected to identical heat-treatments at a constant linear speed.
This differential temperature is then plotted against time, or against temperature.

Gieré et al. (2003) used this technique to characterize amorphous As-bearing phases and
sarmientite [Fe,(As04)(S04)(0OH)-5(H,0)] related to mine wastes. Using DTA Ghosh et al. (2006)
detected arsenopyrite and marcasite (FeS,) in a clay fraction of surface soils.

2.2.2.12. Vis DRS, VMP

The Vis diffuse reflectance spectroscopy in the visible region (Vis DRS) and voltammetry of
microparticles (VMP) are relatively new methods which may be used in environmental sciences.
Although, the both Vis DRS and VMP have still not been used directly in context of As-bearing phases,
these methods have been used for characterization of ferric (III) oxides and oxyhydroxides, which are
generally known as the most common As sorbents in the nature.

The Vis DRS of Fe(III) ions is based on the sensitivity of the energy of d-d electronic
transitions of Fe ions to their nearest surrounding (Grygar et al., 2003). Thus, Vis spectra of Fe ions
are phase-specific and are employed for the identification and quantification of Fe(III) species in the
sample (Sherman and Waite 1985; Malengreau et al. 1996, 1997; Scheinost et al. 1998; Scheinost
and Schwertmann, 1999).

VMP is an electrochemical method which reflects the reactivity of Fe oxide particles to
reductive dissolution and therefore is specific to phase composition and to grain size and crystallinity
(Grygar et al., 1995; Grygar, 1998). With VMP, information on the electroactive compounds in the
sample is obtained by scanning over a specified potential range and looking for peaks in the current,
which indicate the occurrence of electrochemical reactions (van Oorschot et al., 2001).

Grygar et al. (1995) studied the reductive dissolution behaviour of several synthetic Fe oxides
and oxyhydroxides with VMP and they found that these minerals are reductively dissolved from the
working electrode at different potentials typical of each phase, illustrating the diagnostic power of this
technique. It is also possible to quantify concentrations of different minerals within a mixture, by
making a calibration curve with mixtures of known amounts of well-defined minerals (cf., Grygar,
1995; Grygar et al., 1995; Grygar 1997; van Oorschot et al., 2001). Furthermore, the technique is
simple, rapid (VMP could make it possible to derive the composition and characteristics of the Fe
oxides in a sample within a matter of minutes) and no special sample pre-treatment is required.
Therefore VMP could be a useful complementary method to standard techniques to identify powdered
solids (minerals) and microparticles (e.g., Scholz and Meyer, 1998; Ettler et al., 2005). Although Vis
DRS and VMP are relative methods, and require an internal standard or reference compounds to
obtain absolute values (Grygar and van Oorschot, 2002; van Oorschot et al., 2001), both techniques
are one order of magnitude more sensitive than XRD, i.e. with a limit of detection of ca. 0.1 % for free

Fe oxides in soils and sediments (Grygar et al., 2003).

2.2.2.13. ND
Neutron diffraction (ND) is a crystallographic method for the determination of the atomic
structure of a material. The technique is similar to XRD, but differs by the type of radiation (a neutron

source) and provides complementary information to XRD. A sample is placed in a beam of thermal or
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cold neutrons and the intensity pattern around the sample gives information of the structure of the
rock.

ND has only rarely been used in studies related to the As contamination of the environment.
Ferndndez-Martinez et al. (2005) studied possible arsenate uptake by gypsum, which is a common
industrial byproduct from a number of industrial processes, as well as a common mineral precipitate in
mine dumps of sulphide rich deposits. Similarly, Roman-Ross et al. (2006) used ND for an

experimental study of As(III) sorption by calcite.

2.3. Summary

A number of approaches and instrumental methods common in geology, soil and materials
science are increasingly being applied in environmental sciences. Some have been used widely and for
a long time, other are novel and seldom used; mostly due to its inaccessibility or cost.

The presented review summarizes and shortly introduces various methods that are (or could
be) useful for characterizing As solid speciation in soils, tailings and mine wastes. It also tries to help
with better orientation in the application of these methods.

Although a rank of modern methods have been developed in last years (HAADF-STEM, AFM,
BFM, PIXE, XAS techniques, ND, etc.), there are several established methods (binocular/optical
microscopy, XRD, SEM etc.) which remain a basic step for mineralogical research. Other group of
methods has not commonly been used in environmental science, although they are well accessible,
often do not need special sample preparation and may give good results (RS, DTA, TGA, Vis DRS,
VMP). Wider usage of these methods for the identification of As-bearing minerals is still, in some
cases, limited by a lack of comparative data of scarcer minerals.

As have been shown by several authors, a useful way how to obtain more detailed information
via so-called conventional methods could be their improvement.

It can be concluded that usage of only sole mineralogical (or only geochemical) approach for
the determination As solid speciation at polluted sites is insufficient and gained knowledge may not be
complete. As demonstrated by many authors only complex research including correct sampling and

sample preparation and application of a set of complementary methods can lead to complete results.
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Abstract

Soil, mine tailing, and waste dump profiles above three mesothermal gold deposits in the Bohemian
Massif with different anthropogenic histories have been studied. Their mineralogical, major element,
and arsenic (As) contents and the contents of secondary arsenic minerals were analysed. The As-
bearing minerals were concentrated and determined using X-ray diffraction (XRD) analysis, the
Debye-Scherrer powder method, scanning electron microscopy (SEM), and energy-dispersive
microanalysis (EDAX). The amorphous hydrous ferric oxides (HFO), As-bearing goethite, K-Ba- or Ca-
Fe- and Fe- arsenates pharmacosiderite, arseniosiderite, and scorodite, and sulphate-arsenate pitticite
were determined as products of arsenopyrite or arsenian pyrite oxidation. The As behaviour in the
profiles studied differs in dependence on the surface morphology, chemical and mineralogical
composition of the soil, mine wastes or tailings, oxidation conditions, pH, presence of (or distance
from) primary As-mineralisation in the bedrock, and duration of the weathering effect. Although the
primary As-mineralisation and the bedrock chemical composition are roughly similar, there are distinct
differences in the As behaviour amongst the Mokrsko, Roudny and Kasperské Hory deposits.

Keywords: oxidation zone, Quaternary cover, arsenic, arsenopyrite, arsenate

3.1. Introduction

The toxicological effects of arsenic (As) have been generally recognised and documented (e.g.
Stohrer 1991; Chappell and others 1994; Nriagu 1994). The well known association of mesothermal
gold mineralisation with As-bearing minerals has also been described for some gold deposits of the
Bohemian Massif in Central Bohemia: in the metallogenic zone of the Jilové, Libclice, Mokrsko,
Kasejovice, and Kasperské Hory deposits, and in the Roudny deposit (e.g. Moravek and others 1989;
Moravek 1995). Prospecting plans and projects following the political and economic liberalization that
began in 1989 have led to environmental concerns amongst the general public, especially in
connection with As. No data is available on As bound in the weathered parts of these deposits,
although the results of soil geochemical prospecting have revealed high As contamination (Janatka
and Moravek 1990). This work is intended to supply such data, and encompasses an attempt to
interpret this data in terms of As behaviour in the oxidation zone in the temperate climate zone. We
decided to study the following three deposits because of their possible environmental impacts, and
also because of their very different anthropogenic histories. Mining was terminated approx. 500 years
ago at Kasperské Hory, 70 years ago at Roudny, and the Mokrsko deposit has never been mined so

that its oxidation zone has been preserved in its natural form.
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Numerous papers concerning As behaviour in contaminated areas have been published
recently (e.g. Voigt and others 1996; Dhoum and Evans 1998; Craw and others 1999; Hudson-
Edwards and others 1999; Juillot and others 1999; Donahue and others 2000; Savage and others
2000; Lumsdon and others 2001; Pichler and others 2001). These works are mostly concerned with a
specific part of only one deposit: processing or mining wastes, contaminated waters and stream
sediments or soils. Our study compares conditions at three different sites with roughly similar primary
mineralisation and monitors conditions in contaminated soils as well as in mine tailings and mine

wastes.

3.2. Geological background

The Mokrsko, Roudny, and Kasperské Hory deposits are situated in the central and southern
parts of the Bohemian Massif (Fig. 1). The Roudny and KasSperské Hory deposits are hosted by high
grade gneisses of the Moldanubian terrain, and the Mokrsko deposit is hosted by a granodiorite intrusion
of the Central Bohemian Plutonic Complex, which generally borders the Moldanubian terrain on one side
and the low grade Bohemicum terrain on the other.

The Mokrsko West deposit is a very regular sheeted veinlet system, mostly hosted by biotite-
amphibole granodiorite of Variscan age, and extending across its contact into the Upper Proterozoic
volcano-sedimentary complex, metamorphosed in the greenschist facies. The mineralisation consists
mainly of quartz with relatively common calcite and minor chlorite, biotite, amphibole, and microcline.
The total amount of sulphide minerals in the ore is <5% vol. (Moravek and others 1989). Arsenopyrite
and pyrrhotite predominate, pyrite is frequent locally, and molybdenite, chalcopyrite and marcasite are
common in minor amounts. Loellingite, ullmanite, sphalerite, galena, cubanite, tetrahedrite are
accessories. Bi, Te and Sb minerals in the form of inclusions accompany microscopic gold. Cliff and
Moravek (1995) estimated the general level of As in the ore at 300-500 mg/kg. A cross section in
Moravek (1996) shows partial independence of the Au and As values, where most As values in the
mineralised zone lie around 500 mg/kg, with local areas considerably above 1500 mg/kg. The soil cover
mostly attains values of 0.5 to 2 m, with only local occurrences of larger thicknesses (Moravek and
others 1990, unpublished data). The elevation of the deposit surface is between 400 and 488 m a.s.l.,
where precipitation reaches 500-550 mm p.a. with pH 4.5-4.7, and an average temperature of 7.8 oC
(all cited climatic data come from the database of the Czech Hydrometeorological Institute - CHMI).

The Roudny deposit is a combined vein, impregnation and stockwork system hosted by biotite-
sillimanite gneiss with intercalations of quartzite, calc-silicate rock, graphitic gneiss, and amphibolite,
and by metagranite bodies and aplopegmatite dikes. Hydrothermally altered rocks (silicification,
sericitisation and chloritisation) are widespread. The gangue consists mainly of quartz and also contains
tourmaline, calcite, dolomite, siderite, fluorite, and barite. Microscopic gold is accompanied by four
generations of pyrite, two generations of arsenopyrite, marcasite, and very minor sphalerite and
chalcopyrite (Litochleb and Vesely 1992). Paterova and others (2000) found As contents in pyrite of up
to 5% wt., in distinctly zoned patterns. Because pyrite is a dominant and frequent sulphide, it probably
contains a considerable part of the As in the primary zone. The literature does not contain more detailed
data on the As distribution in the ore. The Quaternary cover is of various types. Thick (more than 2 m)
slope debris alternates with bedrock outcrops, and with surface workings from different periods, starting
with the 14th century (Mordvek and others 1990, unpublished data). OIld tailings from the 18-19th

centuries are preserved only in remnants, while the modern tailing pond (from 1900-1930) is preserved
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in its original shape. The deposit is situated between 440 and 500 m a.s.l. Climatic conditions are very
similar to those at the Mokrsko deposit; precipitation equals 600-650 mm p.a. with an average pH value

of 4.5, at an average temperature of approx. 8 oC (CHMI).
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Fig. 1. A: Location of the Mokrsko, Roudny and Kasperské Hory gold deposits in the Bohemian Massif; B: Mokrsko
area, simplified geological map (adjusted after Moravek 1996). Legend: 1- mafic to intermediary volcanites, 2-
felsic volcanites, 3- albite granite, 4- volcano-sedimentary sequence overlying the volcanites, 5- 6- amphibole-
biotite granodiorite, 7- dikes (aplite, porphyrite, etc.), 8- Upper Proterozoic shales and graywackes, 9- gold-bearing
zones, 10- faults; C: Roudny area, location of mining and ore treatment sites (adjusted after Kominek 1990,
unpublished); D: Kasperské Hory, simplified geological map (adjusted after Pertold and Puncochar 1996). Legend:
1- biotite-sillimanite paragneiss, 2- biotite orthogneiss, 3- quartzite, 4- Au-W mineralised zones with old workings,
5- adits, 6- mylonitisation

The deposits of the Kasperské Hory ore district (Pertold and Puncochafr 1996) are hosted by
different types of gneiss, with quartzite, leptynite, amphibolite, and calc-silicate rock intercalations.
Rocks affected by the shear zone have been partly chloritised and sericitised. The explored Suchy vrch
deposit is a complicated system of quartz veins following S- and steeper C-planes of the shear zone.
Gold is accompanied by two generations of arsenopyrite, and by small amounts of Co, Ni
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sulphoarsenide gersdorffite, pyrite, glaucodote, sphene, apatite, molybdenite, pyrrhotite, and Bi-Te-S
minerals. The As content in the ore is irregular, with frequent values of 300-700 mg/kg, but also
attains values of over 1000 mg/kg and even as much as 2000 mg/kg (Janatka and Mordvek 1992).
The Quaternary cover has a thickness of more than 2 m in valleys and morphological depressions
(Puncochar 1996, unpublished data). Large areas are covered by remnants of old surface mining from
different historical periods: the circular depressions surrounded by elevations are the sites of former
shallow shafts and their dumps. The deposits are mostly situated between 700 and 800 m a.s.l.,
where precipitation varies between 800-1600 mm p.a., at pH 4.5. The average annual temperature is
approx. 4.5 oC (CHMI).

3.3. Sampling

Samples from the oxidation zone were taken by a combination of trenching, hand auger
drilling (Eijkaelkamp kit), and down-hole (non-rotational) hammer drilling (Kobra equipment).
Sampling sites were selected on the basis of the results of soil geochemical prospecting (Janatka and
Moravek 1990) in sample areas highly contaminated by As. The profiles were sampled in small vertical
segments, taking into account all lithological changes. The sampling was performed during a dry
period in the summer. The locations of the profiles and characterisation are given in Fig. 1 and in the
Appendix, respectively.

Mokrsko: Drill holes (Mol through Mo6) were situated in the natural oxidation zone of the
deposit. Mol and Mo2 sampled the morphologically flat part of an agricultural field, while Mo3 and
Mo4 were located in a sloping part of a forested area, consisting of granodiorite. Mo5 and Mo6
sampled the oxidation zone of the deposit hosted by volcanogenic and sedimentary rocks of
Proterozoic age, in a sloping forested area.

Roudny: Drill hole Rol sampled the modern, mostly reduced tailings pond (called Danica) with
a flat surface and sporadic vegetation cover; Ro3 was located in old, slightly sloping, mostly oxidised
tailings. The Ro4 trench cut the slope of the Vaclav shaft dump (from the beginning of the 20%™
century), while the Ro5 trench penetrated the medieval surface workings (estimated origin in the 16
century, based on iron artifacts), both in a forested area.

Kasperské Hory: Most sampling sites were located so as to penetrate the remnants of old and
younger surface workings, especially in the forested area of the main Suchy vrch zone. We focused on
the oldest workings, from the 14-15™ century (Ka4, Ka5) and from the 16" century in the case of sites
Ka8, Kal3 and Kal5, estimating their age from their surface morphology and from the type of iron
artifacts (hammers, etc.) that they contained. Sampling sites Kal0 and Kall were situated south of

the mineralised shear zone in a natural soil environment, untouched by exploration and mining.

3.4. Analytical methods

After drying (at room temperature), the samples were sieved to 2 mm. Major element silicate
analyses were performed by a combination of X-ray fluorescence analysis (XRFA) and wet chemical
analysis (in the Gematrix laboratory, Prague-Cernosice). The samples from selected profiles were
prepared for As determination according to method A of Van der Veen and others (1985). The samples
were treated in closed savilex pots by concentrated HNO; at 150 °C for three hours (1 g of sample and

7.5 ml of concentrated nitric acid). After cooling, they were diluted with distilled water. The As (and
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Fe) concentration was determined by flame atomic absorption spectroscopy (FAAS, Varian Spectra AA
200 HT instrument) using an acetylene/nitrous oxide flame. The detection limit for As was 6 mg/kg.
The pH values of selected solid samples were measured in the leachates consisting of distilled water
and 1M KCI solution (leaching for 24 hours, ratio of 1:2.5). A calibrated digital 330/SET-2 pH-meter
WTW was used with a SenTix 21combined electrode at 21 °C.

The samples were screened and quartered for mineralogical studies of rock-forming minerals
and secondary As minerals in the soils. Two types of mineralogical specimens were prepared: from
natural samples and from samples concentrated by panning in denatured alcohol. The purpose of
panning was to concentrate the medium and heavy mineral fractions, where Fe- and the As-bearing
minerals should be expected. Thin (from the 2-0.5 mm fraction) and polished sections (from the
0.125-0.5 mm fraction) and samples for X-ray analyses were prepared. First, they were studied by a
Jenapol optical microscope, by a CamScan S4 scanning electron microscope (SEM) with a Link ISIS
300 energy-dispersive spectrometer (EDS), and by a JEOL JXA-50 electron microanalyzer with a PV
9400 (EDAX) energy-dispersive X-ray analyser. The following standards were used: GaAs (As),
hematite (Fe), leucite (K), diopside (Ca), jadeite (Al, Si), ZnS (sulphide S) and barite (Ba, sulphate S).
The samples were coated with carbon. The operating conditions were: voltage 20 kV, probe current
1.4 nA and counting 60 sec. ZAF correction procedures were used for calculation of all the analyses.

The X-ray diffraction analyses (XRD) were carried out using a DRON 2.1. diffractograph under
the following conditions: CuKa radiation, graphite secondary monochromator, 35 kV, 30 mA, step
scanning at 0.01 and 0.05°3s in the range 2-60° 26. The quantitative mineralogical composition was
estimated using the ZDS-system software, version 6.01 (Ondrus 1995, Ondrus and Veselovsky 1995),
combining X-ray data and silicate analyses. The powder diffraction file (PDF-2) database was
employed for peak identification. The determination of minerals from soils and concentrates (it is
multimineral) samples using the above mentioned XRD analysis is limited by ca. 5 vol. % of the
determined mineral in the sample (of course in dependence on crystallinity of individual minerals). The
Debye-Scherrer powder method with a 114.6 mm chamber and Cu/Ni and Co/Fe radiation was used

for separated single grain identification. Time exposures were from 19 to 25 hours.

3.5. Results

3.5.1. Mineralogical composition

We employed a combination of silicate analyses, XRD data and normative minerals in an
attempt to estimate the semi-quantitative mineralogical composition (data in wt.%) of selected
samples. The result is depicted in Fig. 2. Optical microscopy and EDS help to identify the accessory
minerals. The most frequent mineral in all the samples is quartz (32-48%), followed by muscovite +
illite + biotite (13-38%), feldspars (3-33%), amorphous hydrous Fe oxyhydroxides (HFO) (3 - 13%)
and Al oxyhydroxides (<1-3%), chlorite (<1-5%), minor Ti minerals (such as rutile, ilmenite), and
some other minerals occurring at particular localities. The RECAL program used (Ondrus and
Veselovsky 1995) cannot distinguish amongst clay minerals such as kaolinite and illite, so the
software includes them in the group of muscovite or amorphous Al oxyhydroxides. From the
standpoint of the mineralogical and chemical compositions, the studied materials are roughly similar
as a source of elements for newly forming secondary minerals. Of the primary minerals, which either

weather and provide cations for solutions or can adsorb As, feldspars, phyllosillicates, secondary Fe-
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Al- oxides and carbonates are important (e.g. Alpers and others 1994; Bowell 1994; Voight and others
1996; Juillot and others 1999; Lin and Puls 2000; Bhattacharya and others 2002), and thus resistant
accessory rock-forming minerals will be not discussed here. Accessory arsenopyrite, which was found
at all three localities, represents the main primary As carrier. However, at the Roudny deposit, pyrite,
which occurs abundantly, can also be considered to be a significant source of As. There are, however,
some important differences amongst the three deposits.
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Fig. 2. Quantitative mineralogical composition of selected samples (values are given in wt.%)

The Mokrsko soil is richest in plagioclases. Above granodiorite, it contains amphibole, which
has not been calculated or observed at other localities. The soil above the volcano-sedimentary
bedrock contains maximum amounts of HFO and chlorite, and the highest portion of residual minerals,
which probably points to the occurrence of a number of various minor minerals. The Roudny samples
have the highest contents of quartz, muscovite + biotite + illite, and the lowest of feldspars. The Ro4
profile from the most recent dump contains jarosite and locally also gypsum (both observed
macroscopically), which document the oxidation of the accessory pyrite well. Calcite was also
calculated and found occasionally. The residual portion is missing in this sample, which could point to
a low number of minor minerals present. The Kasperské Hory sample exhibits high contents of
muscovite + biotite + illite, plagioclases, chlorite and a significant calculated proportion of HFO and Al

oxyhydroxides.
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3.5.2. Geochemistry

3.5.2.1. Bulk chemical composition

Nine samples have been analysed for chemical composition (Table 1). Low contents of MnO,
P,Os, and TiO, (arithmetic means 0.09, 0.15, and 0.80 wt.%, respectively), as well as differences in
the contents of MgO, Al,0s3, and SiO, (means 1.51, 16.64, and 62.17 wt.%) seems not to be
important from the viewpoint of the chemical composition of the determined secondary phases (see
section 5.4). Variations in the rest of the parameters appear to be more important.

Samples from the Mokrsko and KasSperské Hory soils are richer in Fei: (mean 8.59 wt.%) than
samples from the Roudny anthropogenic deposits (mean 4.47 wt.%), where the highest content was
found in the Mokrsko soil above volcano-sedimentary bedrock (sample Mo6/4a 12.53 wt.%). The
highest contents of CaO were found in samples from the Mokrsko soils above granodiorite (>3.2
wt.%), and in the sample above the volcano-sedimentary bedrock (2.29 wt.%). Considerably lower
contents were found in samples from the KasSperské Hory (mean 0.90 wt.%) and Roudny locations
(mean 0.48 wt.%). The trend in the contents of NaO is similar (see Tab.1), while the contents of K0
are different: higher in the Roudny samples (mean 4.62 wt.%), than in the Kasperské Hory (mean
3.27 wt.%) and Mokrsko (mean 1.9 wt.%) samples. The higher contents of sulphur in samples from
the reduced part of the tailing at the Roudny location (sample Ro1/5f 0.7 wt.%) and from the modern
waste dump (sample Ro4/4a 1.16 wt.%) document the presence of sulphides and/or their oxidation
products (for the Ro4 profile). The loss on ignition (l.0.i.) reflects the contents of free and fixed water
in minerals and varies in the separate samples between 4.50 and 11.14 wt.%. The highest value was
determined in the Mo6/4a samples with the highest amounts of HFO and the residual portion.
Variations in the parameters described above correspond well with the data on the mineralogical
composition of the studied samples (cf. Table 1 and Fig. 2).

Table 1. Bulk chemical composition of selected samples from the Mokrsko, Roudny and KasSperské Hory
Quaternary covers

?:v't"gi‘; Mo2/3 Mo2/5a Mo6/4a Ro1/3 Rol/5f Ro4/4a Ro5/3 Kal3/3d Kal5/3f
Si0, 62.97 58.34 57.97 65.70 63.12 60.96 68.50 62.09 59.90
TiO, 0.67 0.73 1.15 0.85 0.80 0.78 0.41 0.91 0.89
Al,0; 15.50 15.80 14.02 16.33 16.82 18.16 17.50 17.10 18.49
Fe tor, 7.31 7.98 12.53 4.76 4.46 6.18 2.47 7.33 7.78
Mno 0.11 0.13 0.25 0.05 0.05 0.07 0.02 0.07 0.11
Mgo 1.65 2.46 2.07 1.01 1.61 0.79 0.40 1.97 1.59
cao 3.22 4.23 2.29 0.56 0.85 0.39 0.10 0.89 0.90
Na,0 2.44 2.65 1.19 0.36 0.28 0.22 0.16 1.64 1.17
K,0 2.08 1.94 1.63 4.35 4.47 4.73 4.93 3.26 3.28
P,0s 0.08 0.13 0.25 0.16 0.15 0.12 0.14 0.14 0.15
lo.i. 5.47 4.98 11.14 4.84 4.50 8.45 7.13 5.98 7.61
co, 0.32 0.00 0.22 0.43 2.10 0.38 0.26 0.28 0.21
S tot, 0.04 0.00 0.13 0.09 0.70 1.16 0.15 0.13 0.08
Total 99.73 99.37 99.78 99.44 99.56 99.67 99.58 99.79 99.79

3.5.2.2. Arsenic content
The As content has been analysed in 119 samples from 17 sites at all three localities

(Appendix and Fig. 3). To assess the possible relationship between As and Fe (Savage and others
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2000), the Fe content has been analysed in 56 samples from 8 selected sites. The results are given in
Figure 4.

The highest As values in the soils at Mokrsko vary from approx. 1500 to 2400 mg/kg. They
occur at or close to the base of the profiles in the morphologically sloping area (profiles Mo3, Mo4,
Mo5, Mo6). The lowest values occur in upper parts and vary from approx. 330 to 700 mg/kg. In the
morphologically flat area (Mol, Mo2), the highest values are located below the topsoil, at a depth of
0.2-0.7 m, but a high As concentration (>26 000 mg/kg) was also found in highly weathered
granodiorite (C horizons in the Mol profile, see the Appendix). This anomalous content is caused by
the occurrence of primary As minerals (arsenopyrite and loellingite) and by the great abundance of
secondary arsenates. Differences in the As contents depending on the surface morphology suggest
higher drainage on slopes, associated with elutriation of As from the upper soil horizons and formation
of an illuvial horizon at the base of the soil profile.

The As values in the modern tailing pond down to 5 m at the Roudny deposit are between
1535 and 2490 mg/kg in its unoxidised part (Ro1/4 through Ro1/5g), and about 1000 mg/kg (Rol/1
and Ro 1/2) in the oxidised upper part. The transitional layer (Ro1l/3) contains 1800 mg/kg. The
oxidised remnants of old tailings (Ro3) in a profile down to 6 m contain between 425 and 1230 mg/kg
As. The dump (Ro4) shows irregular values between 418 and 1667 mg/kg, while the remnants of
medieval surface workings (Ro5) exhibit quite steady values with a maximum of 524 mg/kg at the
base.

At Kasperské Hory, sampling site Ka4 (from the part of the Suchy vrch zone that has been
slightly disturbed by old surface workings), exhibits As contents (max. 480 mg/kg) that increase with
the depth of the soil profile. Sampling sites Ka5, 8, 13, and 15 were situated in the same Suchy vrch
zone, but in a part with many remnants of old surface or shallow mining works. They are all
characterised by uneven distribution of As values, between 139 and 818 mg/kg. The highest As
content was found in the upper part of the B-horizon, directly beneath the topsoil in the Kal3 profile.
The sites located to the south of the mineralised shear zone (Kal0, Kal1l) yielded lower values (mean

60 mg/kg) than the Suchy vrch zone.
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3.5.2.3. Soil pH

Comparison of pH values determined in leachates in distilled water and in 1M KCI (the values
are given in the Appendix) reflect the content of organic matter, the degree of weathering (or soil
development), the binding of H* ions, and suggests the stability range for secondary minerals. There
are distinct differences between the pH values, mostly of about one unit for both leachates in all
samples from well developed soil horizons (profiles Mo1, 2, 3, 5 and 6 with median (med.) ApH [H,O-
KCI] = 1.1; samples Ro4/1-3 and Ro5/3 with med. ApH = 0.7; samples Ka8/2, 8/6, and Ka10/3a with
med. ApH = 1.0). The considerably higher acidity in KCl| leachates compared to H,O leachates is
caused by H* ions released from soil colloids, organic matter and clay minerals. In the samples from

the youngest waste dump (profile Ro4 with the exception of the reclaimed upper loamy part) and
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tailing pond (profile Ro1), all the H* ions are already available for leaching with distilled water (ApH =
0.1). There are no differences between natural soil profiles and new soil profiles formed on
anthropogenic deposits in relation to the contents and binding of H* ions.

Samples from the lower parts of the Mol profile above the granodiorite bedrock at the
Mokrsko locality probably reflect the local influence of acidic solutions caused by sulphide weathering
in mineralised quartz veins, where a lowering of the pH value starting from the B horizon and
increasing with depth is apparent. On the other hand, conditions in the Roudny tailings are
characteristic for this type of deposit: the pH is low (about 3) in the oxidised parts above the
groundwater level, compared to the reduced parts below the groundwater level, where the pH value is
above 7.

3.5.3. Arsenic mineralogy

The As-containing minerals identified in the Quaternary cover of the three deposits are listed
in Table 2.

Hydrous ferric oxide (HFO) with As usually contains up to 7 wt.% of As,0Os. Its texture and
chemical composition vary (Fig. 5d, Table 3). It replaces primary minerals and also forms individual
grains. Some grains exhibit heterogeneous structure with different As and Fe contents in the individual
parts. At the Mokrsko deposit, HFO has been identified especially in the soils above the volcano-
sedimentary bedrock but, as can be seen in Figure 4, it is most probably also present above
granodiorite, especially in the profiles with lower As contents (Mo3 and Mo4). As-bearing HFO was also
found at Roudny in samples from an oxidised part of the tailings and in the As-richest soils at the
Kasperské Hory deposit. Goethite with more than 16 % wt. As,05 has been identified at Mokrsko
above the granodiorite (Table 3). A separate grain was also confirmed by XRD.

Pharmacosiderite is the most frequent secondary As mineral in the Mokrsko oxidation zone
above granodiorite. Its grains, which rarely attain a size of 3 mm, and which have a brown to rusty
brown colour under a binocular microscope, are both of homo- and heterogeneous composition (Table
4). Some are intergrown with and replace feldspars. The cations are K and Ba. The calculated lattice
parameter (for a cubic structure) of a = 7.954 A is in good agreement with the published data
(Walenta 1966). Another pharmacosiderite type occurs in association with arseniosiderite (Fig. 5a). It
is characterised by its Ca content (up to several wt.%). The XRD patterns (in agreement with PDF no.
17-0466 or 34-0155) were obtained from concentrated samples as well as from separate grains (Fig
6). Pharmacosiderite has also been found, though rare, in the soil above volcano-sedimentary rocks at
Mokrsko (sample Mo6/4a). Generally, pharmacosiderite from Mokrsko soils has a variable composition
(variable amounts of K, Ba cations and Ca contents) compared to known pure members of the
pharmacosiderite series (cf. Strunz and Nickel 2001). However, some analyses are complicated by its
chemical heterogeneity on a microscale and by intimate intergrowth with arseniosiderite and
feldspars.
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Table 2. Frequency of detected arsenic secondary minerals

Mineral General chen}ical formula (after Locality / Frequency
Strunz and Nickel 2001)
Mokrsko Roudny ziicerske
granodiorite vulcanosediments

arseniosiderite CazFe3*3(AsO4)3OZ-3(HZO) ++ - - -
pharmacosiderite KFe3*4(As04)3(0H)4-6-7(H,0) +++ + ? -
pitticite Hydrous ferric arsenate sulfate - - ++ -
scorodite Fe3*(As0,4).2H,0 + - - -
goethite (with As) Fe3*O(OH) + - - -
HFO (with As) Hydrous ferric oxide ++ +++ - ++
;Jv?tlg?;lﬂed phases 2 _ i _

Explanations for symbols: +++ very common, ++ common, + rare, - not found, ? probably present

Table 3. Chemical analyses of selected As-bearing HFO and goethite. Analyses designated as Mo6/4a (light part)
and (dark part) come from the grains in Figure 5d. Designations Mo6/4a, Kal13/4, etc. specify the horizons from
which the analysed grains were obtained (as in Tab 4). Explanation for sign: - not determined

Sample [wt%] Mo6/3 (“g';:'t":; If‘t"“; ( da.'f"k°§; lf‘t"“; Ka15/3f Kal3/4 (go:t‘r"ilté :;
Mgo - - - - - 2.1
Al,O3 2.0 0.8 0.1 9.0 3.8 1.3
Sio, 1.0 3.2 1.1 6.1 2.8 6.0
P,0s 0.6 0.7 0.1 5.5 1.1 -
SO; 0.2 - 0.1 - - -
K.0 - - - - - 1.3
CaO 1.1 0.7 0.2 0.8 0.6 -
TiO, - - - - 1.4 -
CuO 0.2 0.5 - - - -
MnO - - - 3.1 0.2 -
Fe,03 72.5 70.8 79.7 60.9 71.8 61.6
As;05 5.2 5.7 2.0 2.0 2.5 16.2
WO; - - - - 1.8 -
Total 82.8 82.4 83.35 87.3 85.9 88.5
Table 4. Chemical analyses of pharmacosiderite and arseniosiderite. Explanation for sign: - not analysed
Pharmacosiderites Arsoniosiderite

Sample [wt %] Mol/6c Mol/6c Mol/6c Mo2/2 Mo2/2 Mo6/4a A"e’age(;’:i“/gcgna'yses

Al,O3 - 1.2 - - - 4.8 -
Sio, - 0.9 0.1 0.2 0.3 - -
P,Os - - - - - 1.0 -
K.0 5.2 2.5 1.3 7.3 4.7 0.2 0.6
CaO 0.5 2.4 3.7 0.1 0.2 - 12.0
BaO - - - 3.7 5.6 9.2 -
SO; - - 2.5 - - - -
Fe,0; 35.6 35.1 35.9 31.3 33.2 27.4 32.6
As;05 39.7 38.6 37.6 38.2 37.1 38.3 43.3
Total 81.0 80.6 81.0 80.9 81.0 81.0 88.9
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Fig. 5. Microphotographs of secondary minerals containing arsenic: a) Pharmacosiderite relicts (darker) replaced
by arseniosiderite (lighter) in quartz (black). Sample Mo1/6c. Back-scattered electron image (BEI); b) Arsenopyrite
relicts (white) replaced by arsenates (darker). Sample Mol/6¢c. BEI; c) Scorodite grain partly affected by
dissolution at its margins. Sample Mo2/2. BEI; d) HFO with varied As contents (lighter parts have higher As
contents) in phyllosilicate. Sample Mo6/4a; analyses are given in Table 3. BEI; e) Unidentified arsenate coating
replacing arsenopyrite. Sample Ro4/7. BEI; f) Pitticite covering quartz surface. Sample Ro4/4. Secondary electron
image (SEI)
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Fig. 6. The XRD pattern of separated arsenate aggregate. Abbreviations: Ph - pharmacosiderite, A -
arseniosiderite, Q - quartz

Arseniosiderite has been found only at Mokrsko, in soils above the granodiorite bedrock
(samples Mo1/4-6). Its identification is based on XRD analysis of numerous concentrated samples or
separate grains and on chemical analyses of polished sections (Table 4). Under a binocular
microscope, its grains are brown and are difficult to distinguish from HFO and pharmacosiderite.
Arseniosiderite most frequently fills fractures in quartz. The grain size in aggregates is mostly a few
tens of microns. Microscopic textures probably indicate replacement of pharmacosiderite by
arseniosiderite (Fig. 5a,b).

Scorodite (Fig. 5c), though very frequent in the oxidation zone of many mineral deposits, has
been identified only at Mokrsko, as a rare mineral above the granodiorite bedrock (samples Mo2/2 and
Mo1/6). In polished sections, it is occasionally intergrown with pharmacosiderite in grains up to 60 pm
in size. Its quantitative chemical composition exhibits the following average for three analyses (all
values in wt.%): Fe,0s5 - 28.7 and As,0s5 - 51.9. Scorodite was also confirmed by XRD patterns in
admixture with pharmacosiderite. Its pattern agrees with PDF no. 37-0468.

Pitticite (Fig. 5f) has been found in the dump material of the Vaclav shaft at Roudny (profile
Ro4). Generally, this mineral is not very well described in the literature. Its chemical analyses exhibit
variable composition from individual localities (Dunn 1982). According to Dunn, pitticite is a general
name for iron-rich amorphous arsenates, originating from gels as the last oxidation product of As-rich
primary ores. It occurs as yellowish to brownish coatings of vitreous habit up to 1 mm thick on quartz
and host rocks. Pitticite surfaces are smooth with a glassy lustre. Chemical analyses were carried out
only on the unpolished planar surface and represent an average for five spots (all values in wt.%):
Fe,03 - 36; As,05 - 39; and SO;3 - 9.

At Roudny, unidentified As-phases were been detected only by EDAX. The identification is
impossible without XRD, but the amount of material is too small for this technique. All the samples
were obtained from sample site Ro4, located in the most recent waste dump. According to the
chemical composition and the form, three types can be distinguished. The Al and Ba contents and
predominance of Fe over As are characteristic for one type (in sample Ro 4/4b). The following
chemical composition was found (all values in wt.%): Fe,O3 — 37; As,05 — 27; Al,O3 - 6; BaO - 10;
plus admixture of Si and P. This phase fills thin fractures in the silicate of chlorite composition. A

second type (in Ro4/7) has been observed as several um-thick coatings on arsenopyrite grains (Fig.
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5e). It also exhibits a lower content of As than of Fe (all values in wt.%): Fe,03 - 44; As,0s5 — 28; CaO
- 3; plus admixtures of S and Si. A third type (in Ro4/4b) occurs in a fracture of an arsenopyrite grain
and has heterogeneous composition. The As/Fe ratio is the opposite of that in the previous two
phases. It exhibits the following chemical composition (all values in wt.%) : Fe,03 - 32; As,05 - 37;
Al,0; - 6; CaO - 5 with variable contents of Al, Ca and admixture of S, Si and K. Thin secondary
coatings on oxidizing sulphide grains were documented, e.g., by Alpers and others (1994). These
coatings outline pyrrhotite, which is associated with arsenian pyrite and arsenopyrite, and consist of
goethite with an As content of up to 13 wt.% and with max. 3.5 wt.% of Ca, Si and S. The Roudny
coatings are richer in As and other elements and indicate the presence of arsenate, similar to coatings
reported by Lazareva and Pospelova (1998) or Williams (2001).

3.6. Discussion

3.6.1. Arsenic distribution

In the morphologically flat area at Mokrsko, the maximum As concentrations in the B-horizon
could be explained either by the rise of and sorption from solutions during relatively dry periods,
and/or by As fixation in minerals that are stable in the specific soil horizon and are not soluble during
the more humid periods. In the sloping area (profiles Mo3, 4, 5, 6), As is removed from the upper
horizons (Fig.3).

At Roudny, the As content is steady in the soil profile in the old surface working (Ro5),
whereas at the modern dump (Ro4), the As concentration is uneven, reflecting the material
composition in the profile (see the Appendix, and section 5.3.). The Roudny tailings (modern Rol and
old Ro3) clearly point to a decrease in the As contents in the oxidised parts compared to the reduced
ones. Arsenic must have been partly transported into the surrounding environment during the
oxidation processes (oxidation of old tailings proceeded for 100-200 years, partial oxidation of more
recent tailings for about 70 years).

In the Kasperské Hory soil profiles in areas affected by surface mining (old as well as younger
areas), the As distribution is more or less irregular, suggesting that the period of approx. 550 years
was not long enough to produce a smooth geochemical profile in the heterogeneous material left after
mining. While the As concentrations are roughly uniform or slowly increase to the base of the soil
profile in natural areas (Kal0O, Kall), the elutriation of the upper parts of these soil profiles is
probably a consequence of higher precipitation in this area. The increasing trend to depth is also
obvious in the Ka4 profile in the old mining area situated on the slope.

The studied soils and anthropogenic deposits are significantly contaminated by As. Plotting of
As- versus Fe- concentrations (Fig. 4) indicates clear differences in As solid phase speciation in

individual environments (see also section 5.4.).

3.6.2. Secondary phase speciation and stability

Differences in As solid phase speciation for the studied geological locations (soils, waste
dumps, tailings) can be explained by slightly different bedrock compositions, i.e. by the contents of Ca
and Fe, by the degree of parent rock weathering (soil development, rock-forming mineral

decomposition), and by the presence of primary mineralised zones. Because all the samples studied
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here were readily accessible for oxygen (except the reduced part of the new Roudny tailing), the pH
conditions should play a significant role in the differing As behaviour and stability (Bowell 1994).

At Mokrsko, As is partly adsorbed on HFO, which occurs most frequently in volcano-
sedimentary bedrock, and is also present in minerals with As in their lattice, mainly above the
granodiorite bedrock. The Mokrsko pharmacosiderites display a great variety of compositions with
variable contents of K, Ba and Ca cations, or with admixtures of Al. All of these cations are available in
the soil, which is the product of bedrock weathering. It is probably the relatively high contents of Ca
(higher at Mokrsko than at the other two localities) that keep the pH in the soil relatively high and Ca-
ions available; therefore the Ca-Fe arsenates are stable and most widespread (Nishimura and others
1985; Swash and Monhemius 1996). Otherwise, if there is no excess Ca, the Ca- and Ca-Fe-
arsenates are generally much more soluble than Fe arsenates (Swash and Monhemius 1995).
Scorodite, which is an omnipresent phase during arsenopyrite oxidation and is generally the most
frequent secondary As mineral in many types of oxidation zones and mine wastes (Dove and Rimstidt
1985; Foster and others 1998), is surprisingly scarce in the studied samples. According to Swash and
Monhemius (1996), Fe arsenates are formed preferentially if sufficient Fe and Ca are available in the
solution; however, Ca arsenate compounds will precipitate in solutions with Fe:As <1. As pointed out
by Robins and Glastras (1987), the pH has the greatest influence on Fe or Ca arsenate type
precipitation, where the Fe arsenates precipitate at significantly lower pH values than the Ca arsenates
(pH 1-2 vs. pH 3-4).

Current information about secondary minerals, which originated from As-rich solutions in
contaminated areas, exhibits a great dependence on the chemical composition of the location. For
example Pierrot (1964) described Ca- and Mg-arsenates from the Ca-Mg-rich oxidation zone of the Pb-
Zn deposit; Voigt and others (1996) described the precipitation of hoernesite (as a product of the
reaction of Mg-rich ground waters with As-contaminated soils). Relatively rich paragenesis of Fe-
secondary arsenate and arsenate-sulphate minerals (bukovskyite, kankite, pitticite and scorodite) was
described by Bowell (1991) as a product of lateritic weathering in tropical Ferrasols. Juillot and others
(1999) also published a detailed description of the precipitation of Ca-arsenates (pharmacolite,
haidingerite and weilite) and Ca-Mg-arsenate picropharmacolite as products of reactions of As-rich
solutions with limestone.

The mineralogical/chemical soil composition and soil pH seems to be the main factors
influencing precipitation of secondary minerals in the Mokrsko oxidation zone. We prefer the following
interpretation: oxidation of arsenopyrite (and other minor sulphides) in the rock produced a low pH
value around the sulphide grains, which facilitated the precipitation of scorodite (e.g. Dove and
Rimstidt 1985; Bowel and others 1994; Krause and Ettel 1988). After most arsenopyrite was depleted
(arsenopyrite dissolution in soils was documented by Lumdsdon and others 2001) and after rock
weathering advanced, decomposition of rock-forming minerals (including calcite in the ore) caused an
increase in the pH. Under these conditions, scorodite became unstable (Krause and Ettel 1988) and,
because the K*, Ba’* and Ca’' ions were available in soil solutions, As-rich goethite and
pharmacosiderites were formed, followed by more hydrated arseniosiderite. Arsenic could also be
partly released into solutions. Dove and Rimstidt (1985) reported incongruent scorodite dissolution
and As release owing to a decrease in the arsenopyrite oxidation rate followed by an increase in the
pH and goethite precipitation. Juillot and others (1999) also explain scarce scorodite occurrence in
their materials as being due to an increase in the pH following scorodite dissolution.
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Different chemical composition causes different As mineralogical speciation in profiles above
the volcano-sedimentary bedrock (profiles Mo5, 6). Arsenic is absolutely dominant in HFO. Swash and
Monhemius (1994) found that the Fe/As ratio in amorphous ferrihydrites greatly influences the release
of As into solution at low temperatures. The Mokrsko HFOs, with a high Fe/As ratio, are safely in the
insoluble field.

Arsenic behaviour at the Roudny locality varies depending on the site. The very different
morphology of the As phases (coatings on arsenopyrite grains or on rock fragments) in the samples
from the modern waste dump (profile Ro4) probably indicates a different origin than the Mokrsko
soils: 1) through direct oxidation of the arsenopyrite grains followed by dissolution (unidentified
arsenates); 2) through consolidation of As-rich gels inside the dump (pitticite). Weathering of
abundant pyrite led to the formation of powdery jarosite. According to Foster and others (1998), a
certain amount of As®* could be substituted for SO, in the structure of jarosite, while Savage and
others (2000) suggest that part of the arsenate could also be adsorbed. Jarosite is generally assumed
to be stable under acidic oxidizing conditions and can precipitate at pH below 3 (Bigham 1994). We
found a value of pH 5.7, which suggests that this parameter has increased since the time of the
formation of the dump and the jarosite-related weathering process. The presence of jarosite and
pitticite in an environment with pH between 4 and approx. 6 (samples Ro4/3 and Ro4/4) and their
coexistence with calcite and Ca-bearing arsenate indicate that the modern dump geochemistry and
mineralogy are far from steady state conditions. The presence of secondary As-rich coatings
documents the initial stage of the arsenopyrite oxidation. The absence of scorodite can be explained
by the relatively high pH (about 6) of these samples (see the Appendix). As stated by Baron and
Palmer (1996), when the pH increases above 5.89, transformation of jarosite to ferric hydroxides can
begin, but the mechanism of As release is not known.

The presence of a sufficient amount of HFO in the oxidised part of the new Roudny tailing pond
(samples Ro1/1-1/3) suggests adsorption of part of the As not removed during oxidation. At a pH
value close to 3, pyrite and other sulphides were totally decomposed, so that further acidification and
release of As from HFO are not occurring at the present time. The absence of secondary As minerals is
probably caused by the simple mineralogy of the tailings, characterised by predominant quartz, with
only rare and slightly weathered (chemically unmodified) feldspars and micas. Conditions seem to be
very similar in older fully oxidised tailings (Ro3). Under the groundwater level (samples Ro1/4-1/5g)
at pH>7, the sulphides have been stable for 70 years in the modern pond (similarly observed by Craw
and others 1999) and consequently no As migration is likely, unless conditions change.

In the Kasperské Hory area, relatively low As contents caused by dispersion of primary ore
during surface mining activities do generally not allow the precipitation of secondary As minerals; this
is also true of the Ro5 profile penetrating the old waste dump at the Roudny deposit. The As contents
are higher in the layers richer in Fe compounds or clay admixture (see Fig. 2 and the Appendix), so it
is highly probable that these features control the As behaviour at these sites (Bowell 1994; Lin and
Puls 2000; Bhattacharya and others 2002). More research is required to confirm this consideration
and specify the As speciation. For example, some of the sequential methods developed recently
especially for As could be employed (e.g. Wenzel and others 2001)
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3.7. Conclusions

Very high As contents in the Quaternary cover (more than 2800 mg/kg) were found in
agriculturally exploited flat areas at the Mokrsko gold deposit (these values are more than 70 times
the Czech health limits for agricultural soils). The maximum content (approx. 26 000 mg/kg) was
determined in weathered granodiorite with relicts of quartz veins rich in primary and secondary As
minerals at the base of the Mol profile. Also high As contents (up to approx. 2500 mg/kg) were found
in the tailings pond at the Roudny deposit. The As contents in the cover of the Kasperké Hory district
are relatively low (from 10 up to approx. 670 and rarely 820 mg/kg). The terrain morphology has a
certain influence on the As distribution in the studied profiles. The As in the sloping area is being
partly removed from the upper horizons. In tailing ponds at Roudny, the permeable sandy layers are
oxidised and depleted in As, compared to the impervious, clay-rich and reduced layers. In the
Kasperské Hory district, the distribution is much more irregular in historical waste dumps compared to
the Mokrsko soils.

Certain differences in the contents of Ca and Fe, various degrees of mineral decomposition,
and the pH cause different As speciation in the Quaternary cover at selected sites. At Mokrsko above
the granodiorite bedrock, As is bound in pharmacosiderite, arseniosiderite, scorodite, goethite, and
also in HFO. Above the volcano-sedimentary bedrock, As adsorption onto HFO is the main process,
with a smaller contribution from speciation in pharmacosiderite. Arsenic adsorption on HFO is also the
main process in the oxidised parts of the Roudny tailing ponds, and also for samples from old waste
dumps in Roudny and Kasperské Hory. In the younger Vaclavka waste dump at Roudny, the As
speciation in pitticite and in several unidentified arsenate phases has been determined.
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Appendix Description of the samples, their As contents and the pH values of the leachates in distilled water and
KCI for selected representative samples. Abbreviations and signs: Mo ..Mokrsko; Ro ...Roudny; Ka ..KasSperské

Hory; Q...quartz fragments; id. ...identical characteristics; - ...not determined

Samples characteristics [depth in cm] ﬁ:zc?;g]: content oH H20; (pH KC))
Both profiles are drill holes in a field (ca 10 m asunder) in a flat area, consisting of granodiorite bedrock

Mo1/1 (0,00-0,25); Mo2/1 (0,00-0,13): light humous dun sandy soil with Q* 1403; 1410 6.6 (5,9); 6.3 (5.3)
Mo1/2 (0,25-0,40); Mo2/2 (0,13-0,21): darker dun soil with Q 1756; 2545 7.3(6.9);6.9 (6.3)
Mo1/3 (0,40-0,57); Mo2/3 (0,21-0,69): light ochre-brown sandy soil with Q - ;2855 7.1(6.4);6.8(5.6)
Mo1/4 (0,57-0,77); Mo2/4a (0,69-0,90): rusty sandy loamy-alluvium of weathered granodiorite 1680; 2010 7.2(5.7);6.9 (5.6)
Mo1/5a (0,77-0,90); Mo2/4b (0,90-1,27): rusty brown clayey and loamy alluvium of granodiorite - ;1660 7.2(5.6);6.9(5.3)
Mo1/5b (0,90-1,20); Mo2/5a (1,27-1,50): id. as above 3489; 2200 6.7 (5.5);5.7 (4.7)
Mo1/5¢ (1,20-1,30); Mo2/5b (1,50-1,66): id.; slightly darker - ;2065 6.6 (5.1);6.5(5.0)
Mo1/6a (1,30-1,50): rusty brown, weathered granodiorite - 6.2 (5.2);

Mo1/6b (1,50-1,60): darker rusty limonitic layer - 6.4 (5.5);

Mo1/6¢ (1,60-1,70): dark rusty brown to rubicund weathered granodiorite with fragments of Q-veins 26325 6.2 (5.2);

Mo1/7 (1,70-1,96): rusty brown weathered granodiorite with fragments of Q-veins - . 6.5 (5.1);

Both profiles are trenches (ca 40 m as under) in the sloping forested area, above the granodiorite bedrock

Mo3/1 (0,00-0,08); Mo4/1 (0,00-0,10): light humous dun sandy soil 450; 405 4.2 (3.5);-

Mo3/2 (0,08-0,32); Mo4/2 (0,10-0,50): ochre-brown sandy soil with Q and fragment of granodiorite 405; 330 4.5(3.6); -

Mo3/3 (0,32-0,65); Mo4/3 (0,50-0,78): light ochre-brown sandy soil with fragment of granodiorite 615; 500 5.0 (3.6); -

Mo3/4 (0,65-0,88): darker brownish sandy soil with fragment of granodiorite 735 5.4 (3.9);

Mo3/5 (0,88-1,31); Mo4/4 (0,78-1,18): weathered clayey rusty brownish granodiorite (sample Mo3/5 is markedly more | 1970; 770 5.8 (4.3);

rusty)

Both profiles are drill holes (ca 110 m as under) in a sloping forested area, above volcanosedimentary bedrock

Mo5/1 (0,00-0,03); Mo6/1 (0,00-0,02): forest litter 712;613 4.1(35);39(3.2)
Mo5/2 (0,03-0,20); Mo6/2 (0,02-0,10): clayey-sandy rusty brown soil with fragments of metasediments and quartzites 941; 821 4.3(3.6); 4.0 (3.3)
Mo5/3a (0,20-0,45); Mo6/3 (0,10-0,45): id.; increase in clayey component; the colour changed to rusty yellow in Mo6 1548; 1634 4.6 (3.6); 4.9 (3.6)
Mo5/3b (0,45-1,10); Mo6/4a (0,45-1,00): id.; increase in fragments of quartzites; the colour became yellowish brown in | 2430; 2388 5.2(4.2);5.7 (5.2)
Mo6 2368; 1682 5.6 (3.6); 5.0 (3.8)
Mo5/4 (1,10-1,50); Mo6/4b (1,00-1,30): id.; increase in fragments of metasediments

Drill hole in modern, mostly reduced tailings pond in flat area with sporadic vegetation cover

Ro1/1 (0,00-0,30): dark rusty fine-grained sand, horizontal laminated (variation of darker and lighter layers by 0,5-1 cm) | 1015 34 (3.0)
Ro1/2 (0,30-0,68): more laminated fine-grained sand 960 -

Ro1/3 (0,68-0,76): ochre-orange highly smeary clay (= in the sense of the grain size) with fine-grained sand, without | 1800 -
lamination 2010 7.3(7.3)

Ro1/4 (0,76-0,82): light green clay with fine-grained sand; underground water level of the tailings body
Ro1/5a (0,82-1,22), Ro1/5b, ¢, d, e, f, g (1,22-5,00): greyish blue highly smeary clay, locally sandy with laminae of
sulphides

1640, 1535, 1660, 2065,
2050, 2490, 2375

forall ca 7.7 (7.6)

Drill hole in old (mostly oxidised) tailings pond in slightly sloping area with sporadic vegetation cover.

Ro3/1 (0,00-0,17): light brownish laminated sand with humous admixture and with organic matter
Ro3/2 (0,17-1,00): brownish rusty laminated sand
Ro3/3 (1,00-1,50): brownish rusty sand — less laminated
Ro3/4 (1,50-2,00), Ro3/5a, b, c, d (2,00-5,65): brownish rusty sand
( ),
(

795
1230
995

1145; 1115, 1105, 920, 785

Ro3/6 (5,65-5,90), Ro3/7 (5,90-5,95): dark brownish rusty sand; darker in sample Ro3/7 730, 895

Ro3/8 (5,95-6,00): grey sand with clay admixture 425

Trench cutting the slope of the Véclav shaft dump (from the beginning of the 20t C.), in a forested area.

Ro4/1 (0,00-0,01): forest litter 418 46 (4.1)
Ro4/2 (0,01-0,10): light yellow grey sandy soil with fragments of Q and rocks 499 4.2(3.4)
Ro4/3 (0,10-0,20): orange rusty soil with fragments of Q and rocks 417 4.7 (4.0)
Rod4/4a (0,20-0,40), Ro4/4b (0,40-0,60): sharp-edged gravel of rock-fragments, quartz with primary sulphides and | 1170, 1667 - ;5.7 (5.5)
anthropogenic artefacts; the material is covered by yellow powdered sulphate and coatings of limonite

Ro4/5 (0,60-0,80): layer with black slag, ash and charred woods 472 6.4 (6.3)
Ro4/6 — not sampled (0,80-1,00): block of rocks - -

Ro4/7 (1,00-1,20): wet, fine grey sand 784 72(1.2)
Trench penetrating the mediaeval surface workings (estimated origin in the 16t C.), in a forested area.

Ro5/1 (0,00-0,02): forest litter 381 -

Ro5/2 (0,02-0,07): light sandy-clayey soil with fragments of weathered granites and aplites 486 -

Ro5/3 (0,07-0,90): id., but with limonitic admixture 524 4.2(34)
Trench penetrating the mediaeval surface workings (estimated origin in the 14-15t C.), in a sloping forested area.

Kad/1 (0,00-0,03): forest litter 205

Ka4/2 (0,03-0,10): brown humous soil 315

Ka4/3 (0,10-0,25): slightly sandy humous soil 355

Kadl4a, b, ¢ (0,25-1,00): light brown sandy soil 365, 415, 465

Ka4/5 (1,00-1,30): rusty yellow sandy soil 480

Trench penetrating the mediaeval surface workings (estimated origin in the 14-15% C.), in a forested area.

Ka5/1 (0,00-0,04): forest litter 65

Ka5/2 (0,04-0,30): brown humous soil 370

Ka5/3 (0,30-0,65): clayey humous soil 195

Trench penetrating the mediaeval surface workings (estimated origin in the 16%Cc.), in a forested area

Ka8/1 (0,00-0,02): forest litter 185 -

Ka8/2 (0,02-0,20), Ka8/3 (0,20-0,30): slightly humous brown soil with fragments of Q; there is more Q in sample Ka8/3 | 205, 170 4.2(3.3);-
Ka8/4 (0,30-0,80): slightly greenish grey clayey soil with Q 165 -

Ka8/5 (0,80-1,00): slightly greenish grey soil with Q and ashes from old grate 190 -
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Samples characteristics [depth in cm] ﬁrzz?;; content oH H:0; (oH KC)
Ka8/6 (1,00-1,20), Ka8/7 (1,20-1,40): greenish grey sandy soil with Q and ashes; the soil in sample Ka8/7 is darker 175,170 5.3 (4.3); -
Ka8/8 (1,40-1,50): orange rusty sandy soil 285 -

Both profiles are cores from drill holes in the mineralised zone, in a slightly sloping field area

Ka10/1 (0,00-0,20); Ka11/1 (0,00-0,25): brown humous soil with Q and fragments of gneisses 29; 112 - ;-
Ka10/2 (0,20-0,40); Ka11/2 (0,25-1,00): rusty brown clayey-sandy soil with Q and fragments of gneisses 32; 153 - ;-
Ka10/3a (0,40-0,80), Ka10/3b (0,80-1,25); Ka11/3 (1,00-1,20): brownish sandy soil with fragments of weathered | 10, 32; 119 - 55(44);-
gneisses and Q .- ;-
Ka10/4a (1,25-2,00), Ka10/4c (2,00-2,25), Ka10/4c (2,00-2,25): wet clayey soil of slight brown colour with limonitic | 40, 46, 82 .-
admixture - - ,-
Ka10/5 (2,25-2,45): weathered bedrock 54 - ;-
Trench penetrating mediaeval surface workings (estimated origin in the 16t C.), in a forested area

Ka13/1 (0,00-0,02): forest litter 669

Ka13/2 (0,02-0,13): slightly dun sandy soil with fragments of gneisses 818

Ka13/3a (0,13-0,35), Ka13/3b (0,35-0,85), Ka13/3c (0,85-1,40), Ka13/3d (1,40-1,80): light yellow brown sandy soil with
fragments of gneisses

608, 448, 203, 458

Ka13/4 (1,80-2,00): darker rusty weathered gneiss 582
Trench penetrating the mediaeval surface workings (estimated origin in the 16t C.), in forested area

Ka15/1 (0,00-0,02): forest litter 180
Ka15/2 (0,02-0,35): slightly humous brown soil with fragments of Q and rocks 229
Ka15/3a (0,35-0,60), Ka15/3b (0,60-0,70): yellow brown sandy soil with fragments of Q and rocks 244,285
Ka15/3¢ (0,70-1,00), Ka15/3d (1,00-1,45): slightly greenish grey clayey soil with fragments of Q 212,223
Ka15/3e (1,45-1,55): layer of ashes; minimum of soil and Q 139
Ka15/3f (1,55-2,20): slightly greenish grey clayey soil with ashes 228
Ka15/4 (2,20-2,40): id.; more fragments of gneiss 303
Ka15/5 (2,40-2,70): weathered gneiss; practically without soil admixture; probably the base of the dump 215
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CHAPTER 6. Prospects of future research

Two directions of possible future research will be prefered. The first is a continuation in the
study of the Mokrsko soils. The unusually rich occurrence of arsenates in these soil calls for a more
detailed mineralogical study combined with the study of the soil-groundwater interaction.
Understanding of the precipitation and stability of the secondary As minerals in the studied soils
should help in the understanding of the arsenopyrite transformation during the pedogenesis on the
bedrock of As-bearing granite in general.

The second direction will be focused on mineralogical and geochemical research of the As
speciation and mobility in old As-rich mining dumps and related contaminated soils.

Why this topic??

Because the most recent studies are focused on relatively modern and often managed mine
wastes, namely on tailings, sludge pits and ponds. However, numerous small isolated mediaeval mine
dumps exist in many areas in central Europe, which have environmental impact and great scientific
potential for study. These dumps have been rarely studied so far, although they represent in situ long-
term models of As cycling and mobilization among the geosphere, hydrosphere, biosphere and
atmosphere. Because of the old age of these dumps, the present day reaction rates of
water—solid—gas interactions can be very slow and the system of the soil and waste dump might be
near the geochemical equilibrium. Retention of As in old dump wastes and contaminated soils is,
however, metastable because any change of physico-chemical conditions may induce geochemical
disequilibria of the system. Research on As mineralogy and geochemistry in old mining dumps or soils
is therefore essential for a better understanding of in situ mobility-limiting step of As in the soil
(waste)—water system. It is also very helpful in elucidating their potential risk for the environment.

The history of several mining districts in the Czech Republic has een long, dating back to the
mediaeval times. Old mining dumps are unique in many respects but, at the same time, may
represent a common type of the local source of As input into the environment worldwide. One of these
unique sites is the former Giftkies mine in the NE part of the famous Jachymov ore district (Krusné
Hory Mountains, NW Bohemia). Arsenic in the Giftkies mine was mined for arsenious oxide in the
medieval ages (Kofan, 1947). The tailing dump was spread out along a steep slope covering
approximately 400 m?. Below mentioned factors make the locality interesting and favourable for
research of As behaviour, and allow considering the soil as a natural laboratory representing in situ
natural conditions. Above all, a very specific mineralogical association of As with a large quantity of
As-bearing minerals has been reported from the waste dump. Hlousek (2000) described scorodite,
kankite and rare zykaite from the dump. The present mineralogical situation in the waste dump is
interesting for the quantity as well as for quality of As-bearing mineral phases (large and pure
aggregates), having no parallel in the whole of Europe (comparable only with the well-known Kark
locality). Then, the favorable position and the sharp limits of the waste dump on the slope offer a
good opportunity for studying As migration from the dump to the close surroundings. And finally,
negligible anthropogenic impact in the mine area for more than 300 years guarantees conservation of

the mineralogical/geochemical settings at the site.
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