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ABSTRACT

Discharge from former uranium mining and milling areas is world wide a source of elevated uranium
contents in wetlands. The efficiency of organic rich wetland environments for entrapment and
accumulation of uranium was assessed in this work using hydrogeochemical field studies of natural
small-sized wetlands in Thuringia and Saxony, Eastern Germany. The objective was to estimate, if
artificial wetlands can be used in a similar way: as a sustainable 'passive' treatment methodology.
World wide, as an experiment a first dozen of such systems is implemented for uranium bearing mine
waters, primarily aiming at uranium reduction and precipitation.

Pore water and solid phase samples were collected from the upper decimetres of substrate profiles in
minerotrophic volunteer wetlands and natural fen-type wetlands which facilitate uranium
accumulation. Elemental analyses, correlation techniques and sequential chemical extraction were
applied to evaluate retention mechanisms (e.g., reduction, mineral sorption). No dominant process was
pronounced, but the bulk of uranium is retained in moderately labile forms, predominantly as
operationally defined organically bound or acid soluble (‘specifically adsorbed’) phases. Macrophyte
intracellular uranium accumulation (‘phytoaccumulation’) is not responsible for the high uranium
concentrations in the wetland substrates. Although there is no evidence for stable U(IV) mineralisation
via ‘reductive precipitation’, high accumulation efficiency of the wetlands is obvious, resulting from
processes regarded as more labile. According to the findings, the construction target of wetlands has to

be reconsidered, not primarily aiming at uranium reduction.
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1 INTRODUCTION

1.1 Uranium in the environment

Natural uranium consists of radioactive isotopes which are predominantly alpha-emitting.
Additionally, uranium as heavy metal is chemically toxic, therefore posing a health risk when
incorporated, especially in aqueous species. In the aquifer, uranium represents a hazard to the
environment and human health, at least if present in elevated concentrations. In a provisional
guideline, the World Health Organization proposes a threshold value of 15 pg of uranium per
litre for drinking-water quality (WHO, 2005). In order to be able to characterise the hazard
potential in a natural environment, it is essential to know the main uranium species present
(dissolved, suspended, or immobilised in the sediment).

In natural aquatic systems uranium is stable as U(VI) or U(IV), depending on redox
conditions, and emerges in dissolved, particulate, organic and inorganic species. Oxidised
hexavalent U(VI) species are highly soluble and transported as uranyl ion (UO,*"), usually
complexed with major anions. Therefore, uranium is an element ubiquitous particularly in
oxygenated surface water. The global average seawater concentration of U is about 0.3 pg/L
(Li, 1982), which is similarly suggested for river water (Palmer and Edmond, 1993). In
Germany, random groundwater and drinking water samples revealed U concentrations
between 1 and more than 100 pg/L (BfR, 2007; Héller et al., 2005; Merkel, 2006), deducible
primarily from geogenic input (Baier, 2004; Schonwiese, 2007). This points to a necessity of

expanded water purification measures not only in regions influenced from former uranium



mining like in parts of Saxony and Thuringia, Eastern Germany, with special focus on cost-

effective methods.

1.2 Natural wetlands accumulating uranium

Natural wetlands, i.e., habitats frequently water saturated and highly productive, notoriously
act as potential sinks for hazardous trace elements (Schell et al., 1989; Owen et al., 1992;
Cole, 1998). Hence they enable the enrichment or even elimination of toxic elements and
metals from discharges either anthropogenic contaminated or geogenic heavily loaded. In
some cases they emerge as potentially recoverable deposits with elevated contaminant
concentrations (Owen and Otton, 1995).

Since the beginning of the atomic age, a number of large-area wetlands were investigated in
the vicinity of uranium-rich source rocks in Russia and Western USA. Many wetlands
exposed certain uranium enrichment as compared to geogenic concentrations. Mean uranium
concentrations of the upper crust are about 2 mg/kg (e.g. Ballenweg, 2005). As a rule, U
concentrations in wetland substrates are categorised as highly enriched if ranging from 100 to
1000 mg/kg DM, and very highly enriched if exceeding 1000 mg/kg (Owen et al., 1992). By
comparing inflow (mg/L) and substrate (mg/kg) uranium concentrations, high enrichment
factors were estimated for the wetland substrates, ranging from 500 times up to 2 million
times (Kochenov et al., 1965; Lopatkina, 1967; Idiz et al., 1986; Owen et al., 1992). Even in
Germany with limited area, natural wetlands exhibit certain uranium concentrations (Landgraf
et al., 2002; Seidel, 2002; Schoner, 2006). Our pilot survey has shown extremely high
enrichment with factors up to 22000 times (Schoner, 2006). These occurrences are linked to
disturbed landscapes like former uranium mining areas, and in this particular case mostly they
are recent formations. Regarding long-term efficacy, the development of surficial uranium

deposits is not necessarily a matter of geological time-scales, but also from retention capacity.



1.3 Implications of uranium accumulation

Up to now, a limited number of studies investigated the processes of uranium extraction from
the aquatic solution in wetland substrates (e.g., Akber et al., 1992; Payne et al., 1998),
moreover with critical gaps in field-based research. On the other hand, for water purification
purposes first attempts to precipitate uranium in constructed wetland-like systems were
started, e.g., in Australia (Shinners, 1996), Slovenia (Veselic et al., 2001), Bulgaria (Groudev
et al.,, 1999), and Germany (Gerth et al., 2000). Worldwide, a dozen of uranium treatment
wetlands are proved, but with ambiguous efficiency. The mechanisms of uranium entrapment
and accumulation are yet unexplored, as well as the long-term stability of uranium species
occurring in wetland substrates.

Uranium mobility is controlled in large part by the composition of the groundwater, which
contains natural and contaminant U(VI)-complexing ligands such as carbonate, phosphate and
sulphate ions and organic chelators (e.g., Dybek, 1962). Outstanding thereby are aqueous
uranyl carbonate complexes (Langmuir, 1978), which additionally hold inhibitory effects
especially for bioreduction of uranium (e.g., Zhou and Gu, 2005). Uranium (IV) minerals are
known to be barely soluble under reducing conditions. Hence ‘reductive precipitation’ of
uranium minerals is regarded a major and sustainable mechanism. It is frequently aimed at in
constructed wetland-type systems (Hallett et al., 1997; Groudev et al., 2000; Veselic et al.,
2001), in particular microbial mediated reduction of uranyl ions as described by Lovley et al.
(1991). In extreme contrast, it was an open question whether this pathway is significant in
natural wetlands, and if so, whether this can be applied as a model for designing artificial

wetlands.

Adsorption by plants or inorganic substrates is also believed to be important (e.g., Duff et al.,
1999). Basically, initial fixation may be due to adsorption, rather than due to reductive

precipitation (Zielinski et al., 1987). Regarding uranium fixation on solids, most effective



sorption of the uranyl cation occurs at slightly acidic to neutral pH conditions (Langmuir,
1978; Duff and Amrhein, 1996). Fe-oxides, such as goethite (a-FeOOH) and ferrihydrite
(Fe,O3°xH,0), are frequently implicated as being among the most important inorganic
adsorbent phases for U(VI), due to their ubiquity in waters and sediments especially in mining
areas, and their high surface areas (Ames et al., 1983; Hsi and Langmuir, 1985; Bruno et al.,
1995; Gabriel et al., 1998). Furthermore, organic carbon is a major uranium binding partner in
soils and sediments (Moore, 1954; Swanson and Vine, 1958; Zielinski et al., 1987; Gruau et
al., 2000), especially in wetlands. Although uranium sorption on wetland sediments may be
very strong, it is normally not an irreversible process. Unless accompanied by coprecipitation
or occlusion (Duff and Amrhein, 1996), re-mobilisation of uranium must be expected

consequently.

1.4 Aim and scope of the study

This study aimed at elucidating mechanisms for uranium fixation in natural wetlands by (1)
characterising hydrogeological parameters in natural wetlands in Eastern Germany, (2)
collecting sediment samples at relevant sites and characterising them with hydrogeochemical
methods, and (3) discussing the results on the basis of findings from laboratory investigations
and literature data. The results may help to improve current treatment system design, and
therefore the efficacy of artificial wetlands for uranium remediation.

In more detail, a pilot survey of wetlands aimed at finding relevant sites with evidence for
secondary uranium accumulation derived from surficial tributary. Of three relevant wetlands,
comprehensive field and laboratory studies were assessed on samples from 22 stratified
substrate horizons. Here, the elemental composition of the aquatic phase and solid phase
(screening of substrates and macrophytes) is presented, as well as the statistical evaluation
using correlation techniques. As many competing reactions can occur between U(VI),

surfaces, and ligands, promoting both fixation and re-mobilisation reactions, the relationships



from U concentration to other dissolved elements or aquatic parameters were estimated in
order to outline geochemical processes which control the mobilisation and dissemination of
uranium in the wetland environment. The association of uranium with different soil fractions
was characterised by sequential chemical extraction, especially to estimate the weakness of

uranium fixation.

2 AREA DESCRIPTION

2.1 Wetland locations for pilot survey

In the study area in eastern Germany, a state owned company, last named Wismut GmbH,
was in charge of uranium mining and milling (1946 to 1991), and since 1989 of remediation.
The mined uranium ore at the Ronneburg mine district was in the range of 200 to 300 mg/kg
on average (Schuster, 1995). Natural wetlands (Figure 1) were surveyed in the vicinity of the
former operation sites Ronneburg, Seelingstddt (federal state of Thuringia) and Crossen
(federal state of Saxony), which are located some 60 km south of Leipzig between the cities
of Gera and Zwickau. As affected by mine-related activities, the availability of sufficient
water supply provides the natural or deliberate establishment of small wetlands (‘volunteer
wetlands’). Most of them are fed by waste-rock runoff water and subsequently developed in
creek beds, natural stream channels or at the bottom of heaps or dams and colonised by
wetland vegetation. Secondarily, also natural fen-type wetlands were sampled, anthropogenic
influenced only recently through uranium processing.

A pilot survey of approximately 20 small-sized wetlands examined the hydrogeological
setting, the organic carbon (OC) concentrations and the uranium concentrations (inflow and

outflow, wetland substrates, background sediments).



2.2 Areadescription for detailed investigations

Three wetlands could be successfully applied for advanced investigations of redox conditions
and bonding forms. Located in the vicinity of tailing impoundments (IAA), hereinafter these
are labelled wetland Helmsdorf (WLHe), wetland Culmitzsch (WLCu), and wetland Zinnborn
(WLZ), respectively (compare Figure 1). Resuming uranium concentrations, background
values, enrichment and exposure conditions, these three wetlands indicate uranium
accumulations resulting probably from biochemical cycling.

A summary of the general characteristics for the wetlands is shown in Table 1, including
ranges of OC and U concentrations. Two of the three surveyed wetland areas (Helmsdorf and
Zinnborn) are situated on Rotliegend sediments (Permian) without uranium content in the
bedrock. Here, the only source for uranium input is the former milling activity. In contrast,
wetland Culmitzsch developed on phyllitic shale (Ordovician), which was mined at face with
medium to high uranium concentrations of some 10 to 100 mg/kg.

In Helmsdorf and Culmitzsch the unconsolidated wetland substrates consist of inorganic
detritus and degraded plant material with a depth of up to 1 m. The substrate layers of
Helmsdorf are water saturated almost throughout the whole year, whereas in Culmitzsch they
are covered by some decimetres of free water table. Wetland Helmsdorf and Culmitzsch are
located adjacent to constructed earth-fill dams. The dams stabilise U-extraction waste in the
tailing impoundments, i.e., highly contaminated, carboniferous, fine grained material.
Therefore, these wetlands have ponded as recently as ore milling was started, 45 years ago at
most. Diffuse seepage from the dams has washed fine-grained sediments into the ponds. In
the Helmsdorf area, tailings with 49 to 270 mg/kg U were deposited, the tailings water
containing mean 7 mg/L U (Wismut GmbH, 1999). Of IAA Culmitzsch tailings, U

concentrations are reported with mean 82 mg/kg in the solid and 7 mg/L in water. The earth-



fill dam adjacent to the wetland was built of spoil heap material containing up to 17 mg/kg U
(ibd.).

The third selected wetland, Zinnborn, is one out of many small ponds in a pre-existing boggy
forest (fen). This wetland area contains up to 50 cm of peat with an impermanent water
freeboard. Temporarily, substrate oxygenation is expected. The area developed approximately
500 m downstream IAA Helmsdorf and further tailing impoundments (IAA Dénkritz). Only
after deposition of the tailings, uranium loaded seepage has been feeding diffuse springs
which now originate in WLZ.

Combining results from inorganic sulphur speciation and sequential extraction (Schoner,
20006), allows for a detailed redox characterisation of the wetland environments according to
Berner (1981). Mainly from associations of monosulphide sulphur to reduced Mn and Fe, for
Zinnborn a primary oxic environment is deducible. Helmsdorf and Culmitzsch exhibit

sulphidic environmental conditions with elevated pyritic sulphur and Mn.

3 MATERIAL AND METHODS

3.1 Sampling and sample preparation

Of the wetland ponds, free water, respectively supernatant water, as well as aboveground
inflow and outflow was collected in PE vessels. Aliquots were filtered through 0.45 pm
membrane filters (cellulose acetate), some stabilised with concentrated HNO; (suprapure).

The unconsolidated, waterlogged, mainly organic-rich wetland substrates were intersected
vertical. Following a stratification (22 strata, compare Table 2) which was based on a visual
distinction of the material, i.e., organic matter content, substrate samples were consecutively

excavated and stored under argon atmosphere. In the laboratory, pore water was extracted by



centrifugating and pH and conductivity were measured. For hydrochemical analyses, they
were filtered and acidified.

Additional wetland substrate samples in distances of 30 cm, 50, 150 and 450 cm downstream
the profile sampling points, resembling horizontal sections (0-15 cm of depth), allow for
describing chemical heterogeneity. Terrestrial background sediments were collected close-by
the wetlands (0-15 cm of depth).

All substrate samples were physically preserved in darkness at minus 20 °C. For sediment
analytics and extractions, aliquots were defrosted gently, thoroughly homogenised, oven-dried
(60 °C) to weight constancy, and ground with ceramic mortar and pestle to analytical size.
From each wetland, five characteristic plant species were collected, thoroughly brushed with
deionised water and dried at room temperature. Roots were separated from shoots and leafs,

each part homogenised by grinding with an electric mill.

3.2 Analytical methodology and standards

Chemical analyses of water, plant and sediment samples were done at the hydrochemical
laboratory of the Institute of Earth Sciences, FSU Jena. The surface water samples were
titrated instantly for CO3; and HCO; (Metrohm, Titrino 716 DMS, Germany). Major elements
were analysed by ICP-OES (Spectro, Germany), trace elements additionally by ICP-MS
(Merchantek/VG Elemental, USA) with external multi element standard calibration and
internal precision determined by 3 to 4 runs on the samples (as relative standard deviation
RSD). The (earth) alkali ions Na, K, Ca and Mg were measured using ion chromatography
(Dionex, DX120/DX600, USA), as well as SO4, Fe, Mn, Al and Cr with atomic absorption
spectroscopy (Analytik Jena, AAS 5EA, AAS 5FL, Germany). Photometric titration was
applied for anions NOj3, NO, and PO, (Hach, DR/4000 V, Germany). Determination of Fe(II)

was carried out with UV-visible spectroscopy (Hach, FerroVer method, Germany). Dissolved



organic carbon DOC was analysed on <45 um filtered water samples (Dimatec, DIMA-TOC
100, Germany).

Physicochemical parameter measurement was applied by using portable instruments (WTW
Co., Germany) with single-rod measuring cells for pH (WTW pH 330, two-point calibration),
and electric conductivity (WTW Lf 330).

For sediment elemental analyses, dried samples were digested in concentrated HF, HCIO4 and
HNO; (in a ratio of 1.5:1.5:1), heated to 190 °C for 12 hours, and taken to dryness on a
heating block. The residue was then leached (2 mL HNO;, 0,6 mL HCIl) and diluted with
deionised water to a volume defined and analysed by ICP-OES and ICP-MS. Generally,
regarding instrument precision, the deviation was better than 5.1 % for major elements and
16.0 % for trace elements, besides of As (33.6 %).

The organic carbon concentration (OC), total carbon TC, total nitrogen TC and total sulphur
TS in the sediments were determined by dry combustion at 950 °C, using a Vario EL. CNS
element analyser (Elementar Analysensysteme GmbH, Heraeus, Germany) with extern solid
standard calibration. Here, the inorganic carbon TIC was determined by difference
measurement after digestion of TIC. As substrate samples from Zinnborn (WLZ) were rich on
longish, not grindable macrophytic fragments which were byoing upwards in the digestion
solution, these fragments were removed improperly before OC measurement. Consequently,
the inorganic carbon content was determined using the Scheibler method (DIN 18129, 1990),

converting CO; volume to TIC (calculated as calcite minerals).

A seven-step sequential chemical extraction procedure followed a description of Miller et al.
(1986), modified after Batson et al. (1996). Sowder and Bertsch (2002) verified the specificity
of the method by direct U speciation in their samples using X-ray fluorescence and
spectrometric methods (SXRF, XANES). The details of the procedure have been given by

Sowder et al. (2003). According to this and in contrast to the protocol from Batson et al.
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(1996), one step (‘bound to Mn oxides’) was skipped. The extraction was carried out
progressively on an initial weight of 0.75 g of the profile substrate material. The extractants
used are listed from least to most aggressive in Table 3, as well as the operationally defined
phases affected by each. After each extraction step a cleaning step (45 min.) was inserted. The
cleaning solutions [0.025 M Ca(NOs),] were discarded (Sowder et al., 2003). Extraction
solutions were analysed by ICP-MS (n=3); results for uranium are presented below.
Regarding instrument precision, the deviation for uranium was better than 5 % for 96 % of the
entire samples. Sequential extractions of duplicate samples from one horizon supply similar
uranium partitioning whilst the bulk concentration varies noticeably within two aliquots (up to
14 % RSD).

Plant samples were processed in fuming HNOs in a closed-vessel microwave digestion (CEM,
Mars 5, Germany) and analysed by ICP-OES and ICP-MS.

For plant and sediment digestion and extraction, respectively, accuracy was controlled by
processing standard reference material (IAEA-SOIL-7) and sample duplicates or triplicates.
Corrections were made using blank values of the pure chemicals. All chemicals were

analytical grade and, besides HF, with additional distillation.

3.3 Correlation techniques on elemental analyses

The statistical evaluation of pore water data was executed through Spearman rank correlation
and linear regression assessment. It was aimed primarily at associations of U and potential
ligands, such as CO; and OC which may be important at the prevailing circumneutral pH
values. Secondly, measured data were normalised to the concentrations of refractory
elements, i.e., Si in case of dissolved concentrations, trying to elucidate alterations of pore
water chemistry. Normalising each single substrate element to refractory Zr may enable to

depreciate influences deduced from background concentrations.
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4 RESULTS

4.1 Water

The ion load of the water samples (Table 4) is represented by a very high electric conductivity
(mean 1.37 to 3.18 mS/cm). Pore water uranium concentrations (Table 1) have median values
of 0.7 mg/L in Helmsdorf, 1.9 mg/L in Culmitzsch and 0.4 mg/L in Zinnborn. In Culmitzsch,
the surface water on top of the sampled profile displays the highest uranium concentration of
6.2 mg/L. Regarding metals which may interfere with uranium, Mn concentrations (<
13.3 mg/L in Helmsdorf, < 5.6 mg/L in Culmitzsch) are noticeable. Fe concentrations are low.
Sulphate concentrations rise up to 2000 mg/L in Helmsdorf, 3192 mg/L in Culmitzsch, and
426 mg/L in Zinnborn. From major anion proportions, the water of Helmsdorf has been
classified as a calcium-sodium-sulphate chemical type with a pH ranging from 6.5 to 8.0 and
a surface water alkalinity of 572 mg/LL HCOs (very hard). Culmitzsch provides a sodium-
sulphate water with a pH ranging from 7.1 to 8.2 and an alkalinity in the range of 832 mg/L
HCOs; (very hard), the latter deduced from surface water. In Zinnborn, a sodium-sulphate-
chloride chemical type with a pH ranging from 6.4 to 6.9 and a surface water alkalinity of 191
mg/LL HCO; (hard) was determined. Culmitzsch provides an aquatic organic content with

mean 16.8 mg/L DOC, Zinnborn with mean 19.6 mg/L, and Helmsdorf with mean 34.4 mg/L.

4.2 Plants and sediments

Plant grown on the substrates show intercellular U concentrations ranging from 20 (Carex) to
400 (Characea) mg/kg root dry mass (values not displayed). In the shoots, U concentrations
are clearly much lower, from 5 (Eleocharis) to 100 (Characea) mg/kg U on a dry mass base.

Wetland substrates from temporarily or permanently flooded environments normally consist

of semiterrestrial to subhydric soils, which are sediments in a geological term. In the case of
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Helmsdorf and Zinnborn hydromorphic soils with peat mosses are developed as histic
gleysols to histo-humic gleysols, and subhydric soils (sapropel) in Culmitzsch (compare Table
1). Many of the inorganic components are rock fragments derived from tailing ponds, as well
as primary and secondary minerals, suspected from authigenic sources and particulate
transport. X-ray diffraction analyses (XRD) confirmed the presence of abundant quartz,
secondarily in many strata clay minerals (illite, chlorite and/or kaolinite) and feldspar
(Schoner, 2006). In Helmsdorf, also pyrite and calcite are detectable, the latter near-surface.

With this method uranium could not be proven to be present in any of the samples.

Mean Fe concentrations in Helmsdorf are around 50000 mg/kg, in Culmitzsch 4500 and
Zinnborn 8000 mg/kg (Table 6). Just the same high concentrations were analysed for the
metals Mn (maximum 18.5 g/kg in Helmsdorf) and Al (max. 95 g in Culmitzsch and 109 g/kg
in Zinnborn). Uranium in substrate samples of Helmsdorf has a mean concentration of
389 mg/kg, ranging from 4 to 1117 mg/kg. Culmitzsch substrate samples have a mean U
concentration of 182 mg/kg, ranging from 62 to 443 mg/kg. Zinnborn substrate samples with

mean U concentration of 2104 mg/kg range from 152 to 7562 mg/kg.

The measured OC concentrations of the wetlands are elevated (mean 12 wt-%, maximum 26
wt-%), but clearly below histosols typical for wetlands (48-53 wt-%; Naucke, 1974). The
different strata of Helmsdorf show 1-20 wt-% of OC, of Zinnborn 8-26 wt-%, and of
Culmitzsch only 1-3 wt-% (Table 7). Provided that OC is stabilised completely in humic
substances, organic matter may rise up to 51 wt-% (Zinnborn). Helmsdorf displays the highest
concentrations of total S (mean 1.7 wt-%) and N (mean 1 wt-%). Again in Culmitzsch, S
concentrations are half as much, in Zinnborn only one third. The atomic ratio of organic C to
S (atomic weight proportions, compare Friese et al., 1998) is very narrow in Culmitzsch (3 to
10), relatively narrow in Helmsdorf (10 to 26) and particularly wide in Zinnborn (C/S from 73

to 116). The C/N ratios are wide in Zinnborn (25 to 34) and narrow in Culmitzsch (11 to 17).
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Substrate samples from near-surface horizontal sections, following the flow path of each
wetland, show narrow structural differences, but relatively high fluctuations for elemental
compositions (data not shown). No distinct concentration trends were found, which may
deduce water amelioration. Yet, regarding the sampled substrates from vertical and horizontal
sections, elemental concentrations inside each wetland are in the same range, resembling
internal distribution and concentration tendencies. Terrestrial sediments close-by the wetlands
Culmitzsch and Zinnborn, unaffected from wetland environment, have much lower U
concentrations (Culmitzsch: < 20 mg/kg; Zinnborn: 62 mg/kg). Solid phase U is high

concentrated (360 mg/kg) in the background sample from Helmsdorf.

4.3 Correlation

In water samples of Helmsdorf, only weak positive correlations were found (Table 5) between
U and SOy (rs, normatised = 0.36) and Cl, respectively (rs, normatised = 0.43). A positive correlation
between U and POy (15, normatised = 0.60) was found in Culmitzsch. In Zinnborn, for U there are
strong positive correlations to F (rs, normatised = 0.82), DOC (15, normalised = 0.77), and to a lesser

extent SOy (I's, normalised = 0.61) and DIC (rs, normatised = 0.51), respectively.

Normalised substrate data for Helmsdorf and for Zinnborn show comparable Spearman rank
correlation arrays (data not shown) with high (rs, normatisea > 0.70) or very high (T, normalised >
0.90) correlation coefficients for most of the elements. For U, in Helmsdorf generally high
correlation coefficients were calculated, the highest with Fe and Mn (15, normatised > 0.98).
Uranium and OC are strongly correlated (ts, normalised = 0.79) only with normalised data. From
high correlation coefficients of non-normalised data (r; > 0.86), in Helmsdorf strong
interrelations are deduced for U to Cu and Mg, respectively, and weak correlations for U to
most heavy metals. Regarding non-normalised data, in Zinnborn U is strongly correlated with
Ca (rs = 0.93), and Cd as well as P (r; > 0.79). When normalising the substrate elemental
concentrations to Zr, for Zinnborn some elements are less strongly correlated, e.g., U and Al.

14



There is a strong correlation U/OC both with normalised and non-normalised concentrations
(rs > 0.82). In contrast for U/TIC, a weak correlation is obvious only when regarding the non-
normalised data (rs = 0.50). Noticeable, while non-normalised data reveal no relation of U to
Fe, these elements are completely correlated regarding normalised data (rs = 1.00). In Wetland
Culmitzsch U is strongly positively correlated to Cr and Cd (rs > 0.87), as well as negatively
to As, Ni, Ba, Ca (r; = -0.80). Here, only small differences occur between normalised and

non-normalised correlation coefficients.

4.4 Sequential extraction of uranium

Diagrams in Figure 2 sum up the percent of U in the different extraction steps, in vertical
profiles displaying the substrate U distribution for each strata. The graphical display of
relative amounts was preferred, since this study largely focuses on the U distribution in
different extraction steps and not on the total release.

Uranium is predominantly distributed in the very labile (water soluble, exchangeable) and
moderately labile fractions (acid soluble and organically bound). The organically bound
fraction is particularly dominant in Zinnborn and Helmsdorf (47-64 wt-% of total U on
average). These are the wetlands with a higher amount of organic carbon (OC up to 26 wt-%).
However, no correlation between OC and the organically bound uranium was found. In strata
consisting of moderately degraded peat mosses (approx. 5 to 20 cm below surface in
Helmsdorf and up to 60 cm of depth in Zinnborn), U was liberated in large portions in the
pyrophosphate extraction step for organics (up to 77 wt-% of total U, ranging from 60 to
6100 mg/kg U). One of the peat horizons contradicts this partitioning in liberating elevated U
portions in the exchangeable fraction, whereas only 27 wt-% of total U are organically bound.
Only a small percentage of uranium is stored as ‘residue’ in Helmsdorf and Zinnborn, with

the exception of two strata in Helmsdorf (WLHe8, WLHe10) which generally show very low
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bulk U concentrations (<5 mg/kg, compare Table 7). Similarly, in one strata of Zinnborn
43 wt-% of U are stored as ‘residue’.

Culmitzsch contains 2 wt-% of OC on average, compared to 10 wt-% of U released from the
‘organically bound’ soil fraction. In the uppermost strata, most of the uranium is distributed in
very labile phases (31 wt-% water soluble, 33 wt-% exchangeable on average). The sediments
between 15 to 40 cm depth comprise only low U concentrations (< 100 mg/kg), which are
distributed in the ‘residue’ fraction (up to 44 wt-% increasing with depth).

Sequential extraction results for the reference soil (IAEA-SOIL-7, values not displayed) are
very different from those for the wetland sediments. The uranium in the reference soil results
from host rock weathering and appears mostly as ‘residue’ (72 wt-%), followed by

organically bound U (11 wt-%).

5 DISCUSSION

5.1 Environmental conditions pertaining to U accumulation

The general chemical input to the wetlands is governed by various sources and pathways. In
terms of uranium retention in the substrates, particulate species facilitate a more stable
fixation, whereas entrapment of aqueous (dissolved or colloidal) species not necessarily is
followed by immobilisation processes.

The investigated wetland pore waters show characteristics of tailing drainage from soda-
alkaline uranium leaching (compare 2.2), with very high electric conductivity, circumneutral
pH and elevated concentrations of Na and SO,. Similarly, the wetland substrates mirror
elemental spectra deducible from the tailings, i.e. ore milling residues and silica rich
overburden. Aqueous transport with in situ precipitation is assumed as an important pathway,
especially for pollutants which are mobile at circumneutrale pH values. Thereby, elevated

pore water concentrations of the anions SO4 (Helmsdorf and Culmitzsch), Cl (Helmsdorf) and
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NOs; (Zinnborn) are bearing a risk for undesirable U re-mobilisation and dissemination
through aqueous complexation (compare 5.2). The same applies to elevated HCOs;
concentrations in the former two, and DOC in all three wetlands. They are rich in DOC (mean
16.8 to 34.4 mg/L), comparable to typical DOC in bogs (10 to 50 mg/L) and in contrast to

common groundwater DOC (0.5 to 1.5 mg/L) (Sigg and Stumm, 1995).

However, the refractory Ti in a concentration range of major elements indicates a certain
airborne/waterborne particle input or even input from underground weathering. Comparable
correlation coefficient arrays for substrate elements of Helmsdorf and Zinnborn corroborate a
composition resembling a primary solid phase composition, deducible either from particulate
input or host rock weathering. Additionally, the rank correlation technique suggests some
importance of environmental conditioning for Zinnborn. In this wetland, new formation of
humic substances can be deduced from the calculated organic C/N and C/S ratios (Nriagu and
Soon, 1985; Scheffer and Schachtschabel, 2002), and to a less extent in Helmsdorf. Soil
formation makes a minor contribution to the substrates in Culmitzsch. Here, the C/S ratio
points to irrelevance of organic C-S or C-O-S bonds (Nriagu and Soon, 1985), whereas the
relatively low OC content rather suggests major minerogenic input of C, N, S and O
(Hakanson and Jansson, 1983). Generally, wetland Culmitzsch provides different elemental

relations in each strata, probably indicating alterations in input pathways.

5.2 Uranium distribution and correlation

Regarding uranium, tailing material is the only contamination source in Helmsdorf and
Zinnborn, though with various input pathways. In Culmitzsch in situ bedrock weathering may
contribute via uraniferous host rock. Secondary U enrichment in the wetlands is emphasized
by comparing to the local background. The terrestrial sediments close to the wetlands

Culmitzsch and Zinnborn exhibit less than 11 %, and 3 % respectively, of the mean U
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concentrations in the wetland substrates. For wetland Helmsdorf, background and substrate
samples with analogous U concentrations suggest a major importance of air-transported
particles from the tailing ponds.

Uranium maximum concentrations in the pore waters were determined with 4.7 mg/L, and
with 6.2 mg/L in the surface water. Although in Helmsdorf U is correlated to SO4 and Cl,
these anions are not relevant as complexing agents at the pH values measured. For Culmitzsch
in the near-surface strata, formation of uranyl phosphate complexes can be assumed. As POy
concentrations are very low, it is not regarded an important pathway for U transport. In
Zinnborn carbonate complexes may have contributed to uranium input, as well as humic
complexes to some extent. Again, the correlation of U to SO, and to F is not indicative for
transport in complexes, since pH is not in the right range. Altogether, the statistical evaluation
of the data set indicates that, besides a minor interrelation of U and (organic) C in Zinnborn,
prevailing processes which may influenced the fait of aqueous uranium in the three wetlands

cannot be elucidated.

The mean U concentrations in the substrate samples of Zinnborn (2104 mg/kg) are 5-times
higher than of Helmsdorf (389 mg/kg) and exceed Culmitzsch 6.5-times (182 mg/kg). In
Zinnborn, the strata rich in OC (WLZ1 to WLZ4, compare Table 2) expose enormous high
uranium enrichment with maximum values of almost 1 wt-%, i.e., < 10000 mg/kg of U in dry
mass. Organic carbon may provoke U accumulation primarily through in situ complexation,
but not exclusively. In comparing normalised to non-normalised data, for Zinnborn the high
U/OC correlation suggests some importance of biosorption or bioaccumulation processes, or
even formation of humic substances. Correlation of U to TIC possibly points at solid
inorganic uranyl carbonate complexes. In Helmsdorf, a high correlation for U and OC

(normalised data) seems to reveal linear relations deducible from the geogenic input, implying
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refractory organic matter in substrate particles. A possible source is the ore-extraction waste
derived from U-rich hard coal, which was mined in the Dresden-Freital area.

The deduced primary relation U/Fe (normalised to Zr) in Zinnborn could not be proven with
any of the geochemical investigations, including sequential extraction (see 5.3). Regarding U
in Culmitzsch, no trends with depth or environmental conditioning are indicated.
Interestingly, none of the wetlands reveals statistical interrelations between non-normalised
values for U and Fe or Mn as a possible effect of secondary sorption or co-precipitation
processes. This is in contrast to literature presumptions on the importance of these processes
(e.g., Klessa, 2000). Similar, there is no clear relation U/OC regarding the entire wetland
substrate samples. However, there is evidence to suggest a complex interrelation between
uranium and organic carbon content. Only at higher concentrations, solid OC and U are
correlated linearly and positively, indicating an involvement of OC in the accumulation
processes.

Nevertheless, clearly prevailing processes for U retention could not be elucidated. This
implies that there is no dominant uranium association with special ligands in the sediments,
that might dispose inorganic bonds to U or meet the same fate in the substrates. In particular,
from bulk chemical data there is no dominance of a single process like sorption to Al
hydroxides or coprecipitation with Fe minerals, leading to the high U substrate

concentrations. Instead of that, several processes contribute to uranium fixation.

Most of the measured contaminants in the substrates, notably concerning U, As and different
metals (Zn, Cu, Pb, Cd, Mo) show concentration maxima in the upper parts of the investigated
profiles. Regarding uranium vertical allocation, it is noticeable that the highest concentrations
occur in approximately 5 to 25 cm of substrate depth, proportional decreasing up to 75 to
90 % below that horizon. The vertical U distribution is independent of OC content or

macroscopic consistency. In wetland Helmsdorf the organic matter content (mean 25 wt-%)
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increases to the depth of strata WLHeS8 (41 wt-%), with a noticeable decline till WLHe10. In
wetland Zinnborn, the elements with major organic binding fractions (C, N, S, P) are
distinctive accumulated up to 45 cm of depth (WLZ1 to WLZ4, mean 35 wt-% organic
matter), similar to predominant Sphagnum spp. mosses. These observations lead to the
assumption that, between water and wetland substrate, a contact zone of intensive exchange is
limited to horizons close to the surface, implying a distinct flow pattern. From natural
wetlands, uranium accumulations limited to near-surface sediments are described repeatedly
(Pardi, 1987; Tixier and Beckie, 2001), and similarly, the retention of Ni and Co from mining
stockpile leachate (Eger and Lapakko, 1988). The preferential reaction zone within the peat
layer of Zinnborn may result from ponding groundwater in deeper parts which is limited to
diffusive exchange, whereas in the upper parts a convective exchange is suggested, causing
higher fluctuations in elemental composition. Results from several investigations support this

suggestion (Schoner, 2006).

5.3 Uranium fractionation and possible speciation

Uranium distribution is inferred from an operationally defined sequential extraction
procedure. The step-wise sequence (compare Table 3) stands for increasing bonding strength
of U to the soil, which to some extent may be attributed to different processes — like sorption
or incorporation into Fe oxides or even reductive U precipitation. Stable U(IV) minerals (i.e.,
crystalline) are soluble only in the last extraction step (‘residue’), while digested with HF. The
amount of available U therefore indicates the sensibility of the ecosystem for seasonal
variations or otherwise induced fluctuations, e.g., variations in discharge input.

Uranium is partitioned in different compartments of the substrates, including both
minerogenic and biotic reservoirs, the latter comprising macrophytes and micro-organisms. In
the organic rich strata of Zinnborn and Helmsdorf, uranium is predominantly associated with

the organic soil fraction. While digested with sodium pyrophosphate at high pH, uranium was
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mobilised simultaneously. Obviously, uranium is bound relatively weakly and therefore re-
solubilises, e.g., when the mosses are further degraded by micro-organisms. In comparison to
the high amount of organically bound U in the substrates, sampled plant species growing
directly on the wetland substrates have an average U content less than 12 wt-% of that of the
wetlands substrates, suggesting that living plant material is not responsible for the enrichment
of uranium in these wetlands. Our phytoextracted U concentrations are in the range of typical
literature data (e.g., Vandenhove et al., 2006). Of the measured root concentrations, values
from Urtica and Characeae are clearly above-average, yet not signifying uranium
hyperaccumulation. Calculated transfer factors from root to shoot range from 0.09 to 0.51 and
are relatively high as compared to typical data from controlled down-scaled experiments
(Bergmann et al., 2006).

Results from sequential extraction demonstrate, that in strata with less OC, the exchangeable
or acid soluble fraction is more significant, implying uranium adsorption or solid phase
complexes. This uranium fraction can easily be re-mobilised if environmental conditions
change. Regarding the more sustainable process of uranium accumulation in the residual
phase, particulate transport or in situ precipitation of uranium minerals are to be considered,
as discussed earlier. If at all, reductive precipitation of secondary uranium minerals may have
occurred to a very small extent, as appropriate redox conditions have not yet been established
in the wetlands. Uranium minerals were not detectable with SEM/EDX, XRD or XPS

(Schoner, 2006).

Wetland Culmitzsch contains little uranium and OC. Regarding redox conditions and SI
calculations, this wetland comprises good conditions for sulphate reduction, especially as
compared to the other wetlands. Therefore, from dissolved uranium entering the wetland the
precipitation of U(IV) minerals is likely. However, according to sequential extraction, mainly

small amounts of U in the ‘residue’ indicate uranium reduction and mineralisation. Despite
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generally low U contents the relative importance of residual uranium fixation increases in the
deeper strata (15-40 cm), with simultaneous decrease of more labile U fractions. This may
indicate diagenetic redistribution in more stable phases. However, it is more likely that
mobilisable uranium is washed out from the substrates, especially in deeper strata as underlain
with more porous sediments, resulting in relative enrichment of residual uranium. Altogether,
in Culmitzsch the high extraction of uranium in the water soluble fraction has negative
implications for transport, bioavailability, and toxicity. At least the relatively high represented
acid soluble fraction may include U carbonate minerals or other U phases specifically sorbed,
e.g., to clay minerals. Despite the favourable redox environment, the entire observations for

wetland Culmitzsch contradict any effectiveness in long-term uranium fixation.

Generally, from sequential extraction of uranium in wetland soils and similar sediments, both
literature data and the results in this study demonstrate, that moderately labile fractions mostly
prevail (Figure 2). Different sequential extraction procedures were surveyed, carried out to
determine partitioning of uranium in soils or sediments (Table 8). Kaplan and Serkiz (2001)
and Sowder et al. (2003) employed a modified Miller extraction protocol as used in this study,
thereby revealing data for U fractionation similar to this study, and as well from wetland

sediments.

Coetzee et al. (2002) found most uranium bound to FeOOH and MnOy complexes, indicating
a less weak association. On the other hand, they used extractants which did not enforce such
distinct pH shifts as the modified Miller protocol. Sowder et al. (2003) supposed for the
Miller protocol, that the application of pyrophosphate to dissolve organics at pH 10 may
release uranium phases aggressively and presumably non-specific. As this is not disproved so
far, it is to keep in mind that the organic phase may have been overestimated.

More stable associations were mostly found in sediments not comparable to wetland

substrates, since, e.g., river sediments or spoil heap material may contain less OC, but distinct
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amounts of alluvial deposits including uranium mineral phases. Only for marine sediments
(Schultz et al., 1998), strong reducing conditions are self-evident, demonstrably resulting in

precipitation of U(IV) minerals.

From the applied sequential extraction procedure it can be concluded that in none of the
investigated wetland profiles significant amounts of uranium are immobilised in stable
phases, but may rather be available to the aquatic environment under changing conditions.
Uranium is accumulated mainly due to physical adsorption or specifical sorption (complexing
reactions). The varying results also indicate that in the surveyed wetlands uranium is bound to
multiple sites, for some horizons in approximately equal quantities, so that any environmental
change resulting in pH shifts could release uranium, as simulated in different chemical
extraction steps. (Bio-)chemical reduction does not seem to be essential for the high uranium

accumulation.

6 CONCLUSIONS - PROPOSAL FOR URANIUM

RETENTION PROCESSES IN WETLANDS

Undoubtedly, the role of wetland substrates is connected to organisms, providing physical and
chemical remediation effects. Field and laboratory studies suggest the minor importance of
macrophytes by means of phytoextraction processes. Phytoremediation concepts in wetlands
may act as a temporary uranium sink and may increase the transfer to solid state. In wetlands
with toxic elements, rhizostabilisation is the solely favoured contribution via bioaccumulation
by plant roots (Raskin et al., 1994). However, usually up to 99 wt-% of the retained uranium
and metal contaminants are located in the substrate and not incorporated into the plant

material (Eger and Lapakko, 1988 and references herein; Eger and Wagner, 2003).
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Nevertheless, macrophytes mainly contribute indirectly to wetland systems, via rhizosphere
effects (compare Schoner, 2006), and directly in providing compost material.

Cation exchange on such solid organic material, e.g., Sphagnum moss as a major wetland
plant species and substrate component, is very effective in uranium sorption (e.g., Titayeva,
1967). This was consistently confirmed via sequential extraction procedures, which were
successfully applied on wetland substrates, e.g., in this study. The results of these procedures
repeatedly indicate a high lability of uranium (compare 5.3). As only few percents of uranium
are frequently extractable with water, it is obvious that chemical processes largely supplement
the physical entrapment. However, only few percents of the bulk uranium concentrations are
stable retained in solid phases. In none of the investigated wetlands and literature studies,
(bio-)reduction of uranium could be confirmed as principal or even important retention
process, although often estimated.

This observation implies accumulation mechanisms that are affected by environmental
changes, like sorption to organic substrate components. Therefore it is obvious, that external
disturbances in wetland systems (e.g., seasonal or hydrological fluctuations, changes in Ey or
pH values, or varying microbiological activities) may release uranium from wetland
sediments. Biosorbed uranium may be released if the biomass is degraded.

Nevertheless, from high uranium enrichment factors in the examined natural wetland
substrates it is to assume, that several processes contribute to their effectiveness, finally
enabling sustainable storing mechanisms. The initially loosely entrapped uranium may be
transferred into more stable species. Concrete indices for this assumption where found in

applying advanced geochemical methodologies and analytical methods (Schoner, 2006).
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Figure 1: Map showing the locations of sampled wetlands in Thuringia and Saxony, eastern part of

Germany. Each sampled wetland is shown by a grey circle. Geographic coordinates of
investigation area edges in format DMS:

NW edge 50°53°57,28”* N 12°04°36,37" E

NE edge 50°54°15,60°” N 12°29°20,90”" E

SW edge 50°42°01,46>° N 12°05°04,08"” E

SE edge 50°42°16,41°° N 12°29°40,45”” E
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Table 1: Resuming characteristics of sampled wetlands Helmsdorf (WLHe), Culmitzsch (WLCu),
and Zinnborn (WLZ) with main plant species, range of organic carbon (OC) and
uranium concentrations. (n = number of samples.)

Characteristics of sampled wetlands Organic  Uranium innear-  Uranium in substrate

(RW = easting, HW = northing) carbon surface and pore  and background
[wt-%] waters [mg/L] samples [mg/kg]

WLHe

- RW 4532218, HW 5625598, 281 m a.s.l. 0.8-20.4 0.72-6.54 (n=5) 3.50-1127 (n=12)

- pond surface 750 m? 0.50-2.43 (n=10) 360 (n=1)

- Phragmites, Carex, Typha

- 41 cm length of vertical profile (10 strata)

- distinct carbonate content

- soil classification (WRB¥*): histo-humic gleysol

- WLCu

- RW 4513210, HW 5627280, 266 m a.s.l. 1.0-3.4 4.23-6.17 (n=4) 62-443 (n=6)
- pond surface 200 m? 0.75-4.69 (n=5) 20 (n=1)

- Carex

- 42 cm length of vertical profile (5 strata)
- no distinct carbonate content
- type of sediment: sapropel

- WLZ
- RW 4531509, HW 5626599, 314 m a.s.l. 8.2-25.6  0.35-0.49 (n=5) 152-8011 (n=10)
- pond surface 20 m? (in a larger wetland area) 0.13-1.16 (n=7) 62 (n=1)

- Sphagnum, Carex, (Juncus, Equisetum)

- 75 cm length of vertical profile (7 strata)

- no distinct carbonate content

- soil classification (WRB*): histic gleysol / eutric
histosol, up to 50 cm peat mosses

*WRB = World Reference Base for Soil Resources (WRB, 2006)

Table 2: Samples from stratified substrate layers of the wetlands Helmsdorf, Culmitzsch and
Zinnborn, with declaration of depth and sample labelling.

Helmsdorf Culmitzsch Zinnborn

depth [cm] |sample depth [cm] |sample depth [cm] |sample
-5-0 (fouling) -5-0 (fouling) -5-0 (fouling)
0-3 WLHel 0-8 WLCul 0-18 WLZ1
3-5 WLHe2 8-14 WLCu2 18-25 WLZ2
5-7 WLHe3 14-22 WLCu3 25-40 WLZ3
8-12 WLHe4 22-31 WLCu4 40-45 WLZ4
12-14 WLHe5 31-42 WLCu5 45-60 WLZ5
14-16 WLHe6 below 42 (coarser grained 60-68 WLZ6
16-18 WLHe7 minerogenic layer) 68-75 WLZ7
18-23 WLHe8 75-83 (gravel)
23-28 WLHe9

30-41 WLHel0

below 41 (impenetrable clay seal)

30



Table 3: Sequential extraction protocol as adapted by Sowder et al. (2003) and Batson et al. (1996),
modified from Miller et al. (1986).

Step | Phase Extractant pH Conc. [mol/L]

1 water soluble H,O pure 5.5

2 exchangeable Ca(NOs), 5 0.5

3 acid soluble Ca(NOs;), / CH;COOH 2 0.1/0.44

4 organically bound Na,P,04 10 0.1

5 bound to poorly crystalline Fe oxides (NH,4),C,0,4/ H,C,0,4 3 0.175/0.1

6 bound to well crystalline Fe oxides C¢HsNas;O5 *2 H,O / CeHgO7 / Na,S,04 5 0.15/0.05/0.29
7 residue HF / HNO; / HC10, <<1
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Table 4: Elemental concentrations in water samples (surface water from profile location; pore waters from centrifugation, indicated with *) from wetlands
Helmsdorf, Culmitzsch and Zinnborn (WLHe, WLCu und WLZ). Electric conductivity (cond.) and pH from laboratory measurement on pore
waters after centrifugation; hardness = total hardness; - = insufficient volume for analyses; valid numeric round off schematised to zero (values >
100) up to four places (values < 0.001), excepting lower accuracy of measurement.)

Fe Mn U As Zn Cu Ni Co Pb Cr Cd Na Mg
[mg/L] [mg/L] [mg/L]  [mg/L] [mg/L]  [mg/L] [mg/L] [mg/L]  [mg/L]  [mg/L] [mg/L] [mg/L] [mg/L]
WLHe,q, 1.07 1.94 2.03 0.049 <0.008  <0.0044 <0.012 <0.0009  <0.0082 0.006 <0.001 461 188
*WLHel-10,q, 0.068- 3.28- 0.096- 0.017- <0.008 <0.0044  <0.012 <0.0009- <0.0082 0.004- <0.001 433- 185-
0.499 13.3 2.43 0.237 0.002 0.008 512 222
WLCu,q, 0.158 1.72 6.17  <0.0001 0.050 0.003 0.008 0.0014 0.011  <0.0002 <0.0001 1325 224
*WLCul-5,qu 0.098- 4.25-  0.748- 0.061- <0.047 <0.002  0.015- <0.001 0.002- <0.005 <0.0001 521- 139-
2.310 5.60 4.69 0.274 0.043 0.003 630 183
WLZ,q, 0.057 0.245 0.426 0.003 0.025 0.004 0.006 0.0017 0.003 0.003 0.000 160 33.1
*WLZ1-7,qu 0.052- 0.142- 0.133- 0.001- <0.0025- 0.002- 0.008- 0.001 0.002- 0.002- <0.0001- 156- 28.5-
0.188 0.267 1.16 0.006 0.089 0.003 0.010 0.004 0.005 0.001 240 45.5
Al K Ca Sr Ba Si Cl F SO, NO; NO, PO, HCO; hardness DOC| cond. pH

[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]  [mg/L] [mg/L] [mmol/L] [mg/L]|[mS/cm]
WLHe,q, <0.0048 6.91 422 0.303 0.024 73 365 <1 1730 <15 0.042 0.09 572.25 18.3 13 4.03 7.04
*WLHel-10,q,| <0.0048 12.3- 404- 0.308- 0.019- <5-  395- <1 1465- <1.5 <1.5  <0.05- - 17.7- 18- 1.49- 7.29-
90.0 441 0.471 0.208 12 523 2000 9.7 20.0 78 438 7.96
WLClu,qu 0.020 20.6 245 0.835 0.054 2.6 289  0.94 3192 5 0.351 <0.05 831.95 15.3 6.9 7.38 7.42
*WLCul-5,qu <0.042 8.72- 229- 0.349- 0.078- 8.5- 124- 0.56- 1384- - - <0.05- - 12.2- 16-| 3.29- 7.78-
18.6 268 0.437 0.094 16.5 162 0.96 1576 0.87 14.0 21 4.10 8.19
WLZ,q, 0.079 20.5 58.1 0.323 0.050 1.7 143 0.5 332 60 <0.01 <0.05 190.5 2.90 22 1.44 6.58
*WLZ1-7,qu 0.045- 20.8- 53.6- 0.328- 0.056- <1.5- 132- 0.3- 318- 8- - <0.05 - 2.51- 12- 1.03- 6.63-
0.311 133 70.1 0.405 0.198 2.7 313 0.7 426 67 3.57 26 2.08 6.90
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Table 5: Spearman correlation coefficients rs for uranium in relation to selected anions/ligands from pore water analyses in Helmsdorf (WLHe, n=10), Cul-
mitzsch (WLCu, n=5) and Zinnborn (WLZ, n=7). (DIC and DOC from eluates; normalised data to Si; - = measured values below detection limit.)

U correlation to WLHe: WLCu: WLZ: WLHe: WLCu: WLZ:

rs Is Is I's. normalised I's. normalised I's. normalised
Cl 0.13 0.90 -0.07 0.43 -0.60 0.54
F - 1.00 0.02 - -0.30 0.82
SO, 0.03 0.90 0.11 0.36 -0.80 0.61
PO, -0.09 0.60 - -0.36 0.60 -
DIC 0.67 -0.70 0.23 0.35 -0.89 0.51
DOC 0.70 0.70 0.23 0.20 -0.22 0.77
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Table 6: Elemental concentrations in sediment samples from substrate strata of wetlands Helmsdorf (WLHe), Culmitzsch (WLCu) and Zinnborn (WLZ).

(Digestion with HF among other chemicals, ICP-OES and ICP-MS measurement; concentrations in [mg/kg], referred to dry mass DM; RSD =
relative standard deviation in [wt-%]; valid numeric round off schematised to two places > 0 at least, RSD to < one place. As a rule one sample
per strata was digested, with some exceptions presenting mean values of two and three samples respectively from one strata.)

Fe Mn U As Zn Cu Ni Co Pb Cr Cd Li

[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]

WLHel-10 18652-49884 395-18462 3.5-1117 15-401 70-289 13-107 18-68 6.5-23 6.2-82 4.2-67 0.24-3.3 5.5-52
WLCul-5 30527-45054 669-1199 62-443 49-118 207-773 49-74 41-119 13-21 61-237 44-79 1.1-5.1 87-155
WLZ1-7 2520-7919 39-2439 152-7562 7.6-45 28-159 11-37 18-49 4.2-75 27-176 33-70 0.75-11 3.1-35
Na Mg Al P K Ca Sr Ba Vv Zr Ti

[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [ma/kg] [mg/kg] [ma/kg] [ma/kg] [ma/kg] [mg/kg]

WLHel-10 2197-6163 4824-11595  4785-45725 847-2598 1874-19747 4955-244995 47-110 227-509 12-117 7.1-365  300-4898
WLCul-5 3960-5614 10158-19275 58927-94641 467-716 28682-43207 10413-24525 92-137  509-1049 74-171 180-236  4810-6574
WLZ1-7 1297-3158  1276-2831 28558-108942 246-939  667-7206 2890-10303 43-93 82-215 7.8-43 17-188  319-4158

34



Table 7: CNS elemental analyses (Heracus Vario EL) from wetland substrates Helmsdorf,

Culmitzsch und Zinnborn (WLHe, WLCu and WLZ). U [mg/kg DM] is provided for
comparison. In Zinnborn, values for TIC and OC were calculated, based on Scheibler
method. (Values in weight percent; C/N and C/S ratios from atomic weight
proportions with OC, TN and TS values; T = total.)

Sample U TC TIC OC TN TS CIN CIS *organic  **inorganic

[ma/kg] [%] [%] [%] [%] [%] matter [%]  carbon [%]
WLHel 130 [ 17.25 8.95 8.30 0.73 0.84 13 26 17 75
WLHe2 236 | 18.29 7.75  10.54 0.92 1.07 13 26 21 65
WLHe3 1117 18.83 7.15 11.68 1.06 1.20 13 26 23 60
WLHe4 1105 17.47 323 1424 1.06 2.33 16 16 28 27
WLHe5 747 18.32 298 1534 1.22 2.63 15 16 31 25
WLHe6 172 | 20.77 2.00 18.77 1.52 2.36 14 21 38 17
WLHe7 111 21.56 221  19.35 1.55 2.44 15 21 39 18
WLHe8 48 | 2232 1.96 20.36 1.30 3.03 18 18 41 16
WLHe9 268 8.19 1.03 7.15 0.39 1.05 21 18 14 8.6
WLHel0 3.5 1.04 0.20 0.83 0.07 0.23 14 10 1.7 1.7
WLCul 240 4.53 147  3.06 0.33 1.17 11 7%%* 6.1 12
WLCu2 443 2.09 0.67 1.41 0.13 0.78 13 5%*x* 2.8 5.6
WLCu3 95 1.69 0.55 1.14 0.08 0.88 17 3%k 2.3 4.6
WLCu4 62 1.55 0.54 1.01 0.08 0.46 15 6*** 2.0 4.5
WLCu5 70 4.63 1.22 341 0.28 0.95 14 10%*** 6.8 10
WLZI1 2234 | 27.81 225 2556 0.87 0.59 34 116 51 19
WLZ2 7562 26.04 0.51 25.53 1.04 0.94 29 73 51 4.2
WLZ3 1163 19.90 028 19.62 0.92 0.56 25 94 39 2.3
WLZ4 2965 | 21.19 0.13  21.06 0.97 0.63 25 89 42 1.1
WLZ5 152 10.73 0.31 10.42 041 0.37 30 75 21 2.5
WLZ6 391 11.63 0.50 11.13 0.43 0.31 30 96 22 4.2
WLZ7 258 8.63 047  8.16 0.36 0.23 26 95 16 3.9

*Provided that OC is stabilised completely in humic substances.

** Provided that TIC is mineralised completely as calcite minerals.

*** The inorganic S fraction in Culmitzsch is in the range of 60-85 wt-% of TS; therefore, C/S is
not indicative with respect to soil formation processes.
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Figure 2: Sequential extraction of substrates from wetlands Helmsdorf, Culmitzsch and Zinnborn.
The diagrams sum up the percent of uranium in the different extraction phases,
presenting the uranium distribution of the wetland substrate strata in vertical profiles.
The concentrations of the residue (step 7) are calculated from digestions of aliquots.
Data in the bars give the absolute uranium concentrations in mg/kg DM. The thickness
of the bars indicates schematically the thickness of the sampled strata. Vertical axis

not to scale.
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Table 8: Sequential extraction of soils and sediment with different procedures: Phases where
uranium was distributed predominantly. (Literature data.)

Fraction

Reference

Extracted material

exchangeable
organically bound and exchangeable

organic phase
organic-sulphidic phase

organic-sulphidic phase or crystalline Fe oxides
Fe and Mn oxides

residue and carbonates

residue and bound to poor crystalline Fe oxides
residue

(Seidel et al., 2002)

(Kaplan and Serkiz, 2001;
Sowder et al., 2003)

(Read et al., 1993;
Braithwaite et al., 1997)

(Howe et al., 1999; Beckers,
2005)

(Czegka et al., 1998)
(Coetzee et al., 2002)
(Schultz et al., 1998)
(Schoénbuchner, 2003)
(Dhoum and Evans, 1998)

wetland sediments

wetland sediments
wetland sediments

wetland sediments

sediments; floodplain
sediments

river sediments
wetland sediments
marine sediments
spoil heap material
contaminated soils
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