
The marine shore tailings disposal at the Bahia de
Ite, Peru is studied in order to understand the bio-
geochemical processes subsequent the implemen-
tation of a wetland on the oxidizing tailings. For this
purpose un-remediated and remediated parts of the
tailings are studied by solid and aqueous geochem-
istry, mineralogy, and microbiology.

Preliminary results show that the oxidizing tailings
have a low-pH (pH 1 – 4) oxidation zone with strong
accumulation of efflorescent salts at the surface due
to capillary upwards transport of metal cations (up to
800 mg L-1 Fe, 160 mg L-1 Cu, 15 mg L-1 Zn, 70 mg
L-1 Mn, 0.2 mg L-1 Cd, 1.3 mg L-1 Co and 2.5 mg L-1

Ni) in the arid climate. In contrast, these bivalent
metals show very low concentrations below the wet-
land (mainly under the detection limit) due to near
neutral pH and reducing conditions (~150 mV).

The alkaline waters (pH 8), which infiltrate into the
Bahia de Ite tailings disposal, contain high natural
background arsenic concentrations (~500 µg L-1 As).

The preliminary data suggest that the implemen-
tation of the wetland induced a retention of the metal
cations and a formation of a Fe(II) plume. The Fe(II)
plume was pushed toward the sea due to the in-
creased hydraulic pressure of the wetland, where in
contact with the more oxidizing (347 mV) and alka-
line sea water, the precipitation of Fe(III) hydroxides
was triggered at the shore line. In this area, the As
concentrations in the pore water were below detec-
tion limit, suggesting that they are retained by the
Fe(III) hydroxide.
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Groundwater is worldwide one of the most important
resource for high quality drinking water. In Switzer-
land, more than 80% of the drinking water has its
origin in groundwater resources. In Germany 70%, in
Austria almost 100% of the drinking water is gained
from groundwater (BUWAL & BFS, 2005).

Over the past hundred years, population and eco-
nomic developments in Switzerland have left their
traces in the soil and subsoil: 40,000 to 50,000 pol-
luted sites are registered today of which about 3000
are considered to be in the need of remediation. The
main natural resource affected is groundwater. In-
vestigation and remediation costs are estimated to
be in the order of 5 billion Swiss Francs (Hammer &
Wenger, 2001).

Permeable reactive barriers (PRB) provide cost-
effective, long-term solutions for many groundwater
contamination problems. It is a passive in situ treat-
ment zone of reactive material that degrades or im-
mobilizes contaminants as groundwater comes in
contact with it (USA-EPA). This zone is filled with a
granular or porous medium that reacts with the con-
taminant through processes such as chemical re-
duction, aerobic or anaerobic degradation, precipita-
tion or adsorption.

The design of the barrier is site-specific and is de-
pendent on the hydrogeological, geological and geo-
chemical setting of the remediation case. Most
commonly chlorinated solvents, metals and inorganic
contaminants are treated with PRB’s.

The PRB Willisau is the second and latest engi-
neered permeable reactive zone in Switzerland. The
new construction consists of an array of piles filled
with reactive zero-valent grey cast-iron shavings.
Groundwater originating from a wood- impregnation
factory and polluted with hexa-valent chromium flows
through this zone and is treated in situ by reduction

to chromite and subsequent precipitation as Cr(III)-
hydroxide.

The amount of chromate that occurs in the
groundwater is strongly linked to the groundwater
level. Sampling in the sub-soil beneath the source of
the chromate input suggests a large amount of con-
taminant in the unsaturated zone that is either trans-
ported by meteoric water through soil and subsoil or
mobilized when washed out by a rise of the ground-
water table.

The barrier consists of two parts: a single array of
piles for lower expected chromate concentrations
and an off-set placed double array of piles for higher
expected chromate concentrations. The treatment of
the contaminants in the single designed part occurs
in the piles as well as in the iron-plume generated
downstreams of the barrier. A sophisticated multi-
level monitoring system allows sampling of ground-
water and reactive material at different levels of
depths to get a spatial understanding of the hydro-
geochemical processes in the barrier.

Several investigations are being made concerning
the effectiveness and sustainability of this newly de-
signed remediation method. Sampling of groundwa-
ter upstream, downstream and within the barrier over
a period of two years gives clear insights of the
complex hydrogeology and contaminant behaviour.
A large data set of chemical analyses including sen-
sitive parameters such as Crtot/CrVI, redox potential,
dissolved O2, pH and Cinorg allows to portray the
governing process as a function of space and time.
Several campaigns using multiple optical tracers re-
vealed a rather complex hydrological regime at dif-
ferent scales. Preliminary results show that the dou-
ble array of piles successfully treats the
contaminated groundwater. In contrary, the single
designed part is not effective enough to remediate
the present contamination. This may be due to the
insufficient overlap of the arrays and their Fe2+-
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plumes, or the kinetics of the CrIV-reduction within
the Fe-plume.

Analyses of the  reactive medium in the piles over
two years show corrosion of the zero-valent iron
shavings as well as precipitation of ferric hydroxides
in the pore space. This provides information about
the effectiveness of the reactive medium and there-
fore about the longevity of the barrier.

Figure 1. Permeable reactive barrier Willisau shown in a longi-
tudinal section (based on Köhler (2003))
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Despite extensive efforts to mitigate its toxic burden
on the environment, mercury still poses a serious
threat to all kinds of ecosystems, be it aquatic or ter-
restrial (UNEP 2002). Understanding the exchange
processes of mercury between soil and atmosphere
and identifying the mechanisms responsible for its
transformation within soils is crucial to assess mer-
cury’s impact on terrestrial ecosystems.

It is known that direct biotic reduction of Hg2+ to
Hg0 (elemental mercury) occurs in wetland soils and
soils contaminated with mercury; a process which
leads to substantial Hg0 emissions to the atmos-
phere (Schlüter 2000; Zhand & Lindberg 1999).
Further research of terrestrial, uncontaminated soils
identified abiotic reduction of Hg2+ to Hg0 to be an
important driver of Hg0 emission (Schlüter 2000;
Zhand & Lindberg 1999). An emerging question is
therefore if biotic processes are also important for
Hg0 (re)emission from uncontaminated, terrestrial
soils.

We manipulated microbiological activity of soil
samples and recorded the resulting Hg0 emission.
Any influence of temperature and soil moisture was
studied in separate experiments by comparing the
Hg0 emission of sterilized and intact soil samples. All
experiments were carried out under laboratory con-
ditions with a Tekran 2537A for Hg0 analysis and a
LI-COR 6262 for CO2 analysis as proxy for micro-
biological activity.

The performed experiments revealed that Hg0

emission was parallel to microbiological activity, i.e.
increased with stimulated activity and decreased
with inhibited activity. Similar patterns were observed
after dried soils were moistened again. We con-
cluded that Hg0 emission from uncontaminated ter-
restrial soils is at least partly controlled by biotic
processes. However, it is still unclear if Hg0 emission
is caused by direct biotic reduction of Hg2+ or indi-
rectly by abiotic reduction – induced by products of
microbiological degradation, e.g. humic acids.
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90Sr is an artificial radionuclide produced by nuclear
fission during the explosion of a nuclear device and
in nuclear energy plants.  In Switzerland, environ-
mental 90Sr comes from atmospheric nuclear tests
performed in the sixties, and more recently from the
Chernobyl accident. In Switzerland determination of
90Sr in soil, grass, milk, milk teeth and vertebrae
were initiated in the beginning of the sixties to inves-
tigate the potential exposure of man to this very ra-
diotoxic nuclide. Teeth are an extension of the
skeleton and accumulate stable and radioactive
bone-seeking contaminant-metals that enter the
body. The 90Sr activity in deciduous teeth (milk teeth)
reflects the activity in the mother’s diet during preg-
nancy and in food at around the time of the child’s
birth. Attention has been focused on 90Sr for several
decades because it is believed to be the potentially
most hazardous of the long-lived fission products
that had started to accumulate as a result of nuclear
weapon tests.

Results of this work show that  activities peak in
all samples during the sixties due to the detonation
of numerous powerful devices, mainly by the US and
the former Soviet Union. Following the Nuclear Test
Ban Treaty (1963) that ended atmospheric nuclear
weapon tests, a steady and significant decrease in
90Sr activity in all samples has been observed. Table
1 displays apparent half-lives of 90Sr in different
samples at different location in Switzerland based on
measurements on samples collected yearly over two
decades. The average half-life of 90Sr in all these
samples is close to 10 years compared to the physi-
cal half-life of 90Sr of 29.14 years.

Transfer factors from soil-to-grass, grass-to-milk
and milk–to–man can be calculated from activities
and the mechanisms responsible for the transfers
along the trophic chain will be presented.

Table 1. apparent half-lives of 90Sr in different samples

Location Soil Grass Milk Milk teeth

Grangeneuve 12.3±3.6 11.6±3.9 14.8±2.3

Mühleberg 9.0±1.3 7.6±1.3 14.5±2.6

Gösgen 7.8±0.9 6.7±1.1 10.1±2.7

Leibstadt 8.9±1.5 12.3±8.9 12.5±2.5

Switzerland 9.8±3

90Sr transfer from soil to grass and subsequent contamination
of man from milk consumption
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Figure 1. 90Sr activity (Bq/g Ca) in milk (left scale, white
squares) and in milk teeth (right scale, black dots) in Swit-
zerland as a function of the year of birth (milk teeth) and the
year of collection (milk)



Some soils of the Jura mountain range in Switzer-
land were reported to contain high concentrations of
zinc (Zn) and cadmium (Cd), often exceeding the
Swiss soil protection guideline values. Recent stud-
ies suggested that the trace metal enrichments are
related to the underlying parent rocks, consisting of
oolitic carbonates of middle to late Jurassic age
(Baize and Sterckman, 2001; Benitez Vasquez,
1999). Little is known about the relative metal accu-
mulation and metal speciation in relation to soil for-
mation. Trace metals bound in minerals resistant to
weathering may still be present in the soils, while
metals released during weathering and soil formation
may have formed new species, for example, metals
adsorbed to soil surfaces or metals incorporated into
newly formed mineral phases. The chemical specia-
tion of trace metals in soils has important implica-
tions for their bioavailability, mobility, and potential
toxicity to organisms. The objectives of our work are
to determine the speciation of Zn in the parent car-
bonate rocks and in corresponding soils.

The speciation of Zn in three soils and their corre-
sponding parent rocks was investigated by selective
sequential extraction (SSE) and X-ray absorption
fine structure (XAFS) spectroscopy. The first site,
Gurnigel, is located close to the pass of “la Vue des
Alpes” (Neuchâtel Canton). The parent rock consists
of oolitic limestone of late Bajocian age. The second
site, Schleifenberg, is situated near Liestal (Basel
Canton) on early Bajocian oolitic limestone. The third
site, Dornach, is located 1 km south of the village
Dornach (Basel Canton). The geology at the site is
dominated by oolitic micritic limestone of late Oxfor-
dian age, covered by a thin loess deposit.

Total contents of Zn in soil and rock samples were
determined by X-ray fluorescence (XRF) analysis.
Soil samples were characterized by SSE using the
procedure of Zeien and Brümmer (1989), yielding
seven Zn fractions. The extractions were conducted

with a solution-to-soil ratio of 25. In the following, the
extractant solutions are given, along with a hypo-
thetical interpretation of possible metal species. (F1):
1M  NH4NO3 (readily soluble and exchangeable Zn);
(F2): 1M  N H4–acetate, pH 6.0 (specifically ad-
sorbed, CaCO3 bound, and other weakly bound Zn
species); (F3): 0.1 M NH2OH–HCl plus 1M
NH4–acetate,  pH 6.0 (Zn bound to Mn oxides); (F4):
0.025M NH4 EDTA, pH 4.6 (Zn bound to organic
substances); (F5): 0.2M NH4-oxalate, pH 3.25 (Zn
bound to amorphous and poorly crystalline Fe ox-
ides); (F6): 0.2M NH4-oxalate, pH 3.25 in boiling
water (Zn bound to crystalline Fe oxides); and (F7):
residual fraction calculated from the difference be-
tween total Zn (XRF) and sum of Zn extracted in F1
to F6.

Information about the spatial distribution of Zn and
other elements and the coordination chemistry of Zn
in the soil and rock samples was obtained by ad-
vanced synchrotron X-ray techniques. Bulk XAFS
spectra of powdered samples were collected at the
Zn K-edge (9659 eV). In addition, polished thin sec-
tions were investigated by synchrotron _-XRF and _-
XAFS spectroscopy, respectively. XAFS spectra
were analyzed by linear combination fitting based on
an extensive set of reference spectra of known Zn
species.

The total concentrations of Zn in soil and rock
samples from the three sites are reported in Table 1.
All three soils had total Zn concentrations in excess
of the Swiss guideline value (>150 mg kg-1). The
soils were clearly enriched in Zn relative to the re-
spective parent rocks. First XAFS spectroscopic re-
sults indicate that Zn in the limestones from
Schleifenberg and Gurnigel was present mainly as
Zn-substituted goethite. A small fraction of Zn in both
rocks was found to be bound in sphalerite (ZnS).
These results were confirmed by extraction of the
powdered rocks with 1M NH4-acetate solution (pH
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6), which suggested that most of the Zn was bound
in non-carbonaceous components, which were not
extractable with NH4-acetate (Table 1). In contrast,
XAFS results and extraction with NH4-acetate
showed that almost all Zn in the Dornach limestone
was contained as a substitute for Ca in the calcite
structure.

Table 1: Total and NH4-acetate extractable Zn in rock and
soil samples.

Site Rock Soil

total Zn

[mg kg-1]

extractable Zn a

[% of total]

total Zn

[mg kg-1]

Gurnigel 43 43 864

Schleifenberg 92 23 237

Dornach 207 100 476

a Zn bound in carbonate minerals, extracted with 1M NH4-Acetate at pH 6.

The Gurnigel soil contained considerable amounts of
Zn-bearing goethite, stemming from the parent rock,
and smaller amounts of newly formed Zn species
identified as Zn sorbed to birnessite and Zn bound in
the octahedral interlayer sheets of Al-hydroxy in-
terlayered minerals (HIM). These results suggest
that Zn in goethite is very stable during pedogenesis.
The speciation of Zn in Schleifenberg soil was simi-
lar, with Zn-goethite and Zn-HIM representing the
major fractions. Sphalerite was also found in minor
quantity. For both soils, the results of SSE confirmed
that Zn was associated mainly with iron oxides (F5
and F6 containing 45% of total Zn at Schleifenberg
and 50% at Gurnigel) and the residual mineral frac-
tion (F7 containing 37% and 36% of total Zn, re-
spectively).

Bulk XAFS analysis of the Dornach soil sug-
gested that Zn was primarily bound in octahedral
interlayer sheets of HIM. This was supported by the
SSE results, showing that the largest fraction of Zn
was bound in the residual mineral fraction (F7 equal
to 74% of total Zn).

In summary, our results obtained so far show that
the Zn-substituted goethite occurring in limestones is
very stable during pedogenesis, while Zn bound in
carbonates is released and subsequently incorpo-
rated into newly formed mineral species in the soil.
Sphalerite partly dissolves during pedogenesis, but
can still be found in the soils. One major newly
formed Zn species was identified as Zn bound in
octahedral sheets of hydroxy-interlayered minerals.
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The present research presents a review of advanced
techniques fro the analysis and modelling of spatio-
temporal environmental and pollution data: geosta-
tistical simulations and risk mapping, machine
learning algorithms – artificial neural networks, sta-
tistical learning theory (support vector machines,
support vector regression). The presentation is ac-
companied by the case studies form different fields:
risk mapping of soil and water pollution, large scale
mapping of radioactively contaminated territories,
classification of hydro geological units and soil types,
prediction of river levels and other geophysical sig-
nals, and others.

Strictly speaking, there are several basic prob-
lems related to environmental spatio-temporal data:
spatial predictions of continuous multivariate data or
spatial multivariate regression, classification of spa-
tially distributed categorical data, risk mapping or
mapping of probabilities, and development of spatial
Monte Carlo models which are able to generate the
most complete and comprehensive information for
real decision making process. A very important clas-
sical problem deals with monitoring network optimi-
sation (design/redesign) or how to answer the basic
question: where to go and what to measure?

Traditionally some approaches to the mentioned
above problems were developed by classical geo-
statistics. Despite of some achievements, they have
limited applicability because they are based on some
hypotheses – linearity, second-order stationarity, etc.
which could be rarely found in environmental studies
dealing with many spatially nonstationary processes
like convection and nonhomogeneous diffusion.

Recently new approaches and techniques capa-
ble to overcome these difficulties were developed
using geostatistical spatial conditional simulations
and machine learning algorithms. The basic idea of
simulations is to develop a well statistically defined

Monte Carlo generator which is able to generate
many equally probable realisations of the observed
phenomena. Postprocessing of the realisations gives
answers to many decision oriented questions: what
is a probability to be above predefined levels, what is
the most probable map, etc.

Machine learning algorithms (MLA) follow the
philosophy “learning form data” and are able to de-
velop robust (stable against outliers), nonlinear
adaptive models. An important property of MLA is
their ability to integrate/assimilate data of different
origin, to analyse and to multivariate data bases to
improve predictions and to reduce the uncertainties.
In the presentation several impressive examples of
modelling on hyper surfaces and not only on a geo-
graphic space are given.

Recent applications of statistical learning theory
for spatial data is described in detail. The main at-
tention is paid to the elegant solution of monitoring
network optimisation problem (Kanevski et al, 2005)
based on support vectors. Flexibility and efficiency of
SVM by using different data real sets is demon-
strated and explained using geostatistical tools. Part
of presentation is devoted to the hybrid models
based on geostatistics and MLA.
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Deposition and accumulation of heavy metals in soils
cause adverse effects on terrestrial ecosys-tems.
The critical loads/critical limit concept has been de-
veloped to permit the quantification of the risks of
atmospheric inputs of heavy metals, and it is at the
basis of the UN/EC environmental policies on the
regulation of heavy metal atmospheric deposi-tion.
Critical loads (acceptable total load of anthro-
pogenic heavy metal inputs) are defined by critical
limits, metal concentration values at which no ad-
verse effect on the ecosystem or a biological recep-
tor is evident. The current project aims at assessing
critical metal concentrations in the soil water by
which adverse effects on microbial communities are
observed. In particular, the following objectives were
investigated: (1) monitoring the adverse effecs of Cd,
Pb and Hg on microbial activities and structural
changes of microbial communities in different forest
soils and (2) relating Cd, Pb and Hg effective con-
centrations to the bioavailable fraction in the soil wa-
ter.

Microcosm experiments were established with
forest soils from various locations of Switzerland
differing in physical and chemical characteristics.
Heavy metals were added as solutions of increasing
concentra-tions of CdCl2, Pb(NO3)2 or HgCl2 to the
soils and in-cubated for four weeks. After incubation,
microbial activities were measured (acid phospha-
tase, β-glucosidase, basal respiration). Genetic fin-
gerprint-ing techniques (T-RFLP) were used to
monitor shifts in the bacterial community structure
and diversity.

Characterization of major bacterial groups in the
metal-polluted samples was performed through mo-
lecular cloning. The ecotoxicological data and the
results form the T-RFLP fingerprinting were com-
pared to the bioavailable metal concentrations (iden-
tified both as the soluble metal and as free ion in the
soil water).

The results show that forest soils are able to se-
ques-ter very strongly heavy metals by adsorption
mecha-nisms. Factors such as pH and DOC affect
strongly Cd, Pb and Hg bioavailability, and conse-
quently af-fect reactions to pollutants in soils with
different physico-chemical features. Different effects
of Cd, Pb and Hg observed in the soil bacterial
communi-ties of calcareous soils with high clay con-
tent and acidic soils with less clay reflected the dif-
ferent bioavailable heavy metal content.

Effective bioavailable metal concentrations (solu-
ble and free ion in the soil water extracts) caused al-
terations of microbial activity. For example, carbon
mineralization in the soil expressed as the CO2

evolved from soils decreased significantly after
treatment with the highest metal solutions. A signifi-
cant effect of these highest concentrations was also
supported by the T-RFLP profiles of the studied
soils, in which both increase and decrease of micro-
bial taxonomic groups were evident. The results of
this study underline that the structural changes
caused by heavy metals on the soil bacterial com-
munities involve the stimulation of metal-tolerant
groups.

This study provides an insight on the different re-
actions and vulnerabilities of different forest soils to
heavy metal pollution. Furthermore, the identification
of the microbial groups which characterize a heavy
metal-contaminated environment is useful for the de-
termination of suitable bioindicators of heavy metal
pollution in forest soils.

Estimation of critical limits of heavy metals in forest soils
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AIMS

Arsenic (As) remobilization in polluted soils is a
function of several factors. It mainly depends on ar-
senic speciation in soil: i) organic and/or inorganic
arsenic forms), ii) distribution of arsenic species ac-
cording to their oxidation state, and iii) nature of the
arsenical minerals. But arsenic mobility is also de-
pendent on the physico-chemical conditions of the
environment (pH, redox potential, occurrence of
competitor anions of the arsenic oxyanions, nature
and abundance of mineral phases that are able to
trap arsenic…).

The main aim of this study is to clarify the relative
part of both pH and phosphate ions in arsenic remo-
bilization within three soils (Sa, Sb and Sc) located in
two historically polluted industrial sites. In order to
precise mechanisms involved in As mobility, an
overall methodological approach was conducted: (1)
a highly detailed characterization using an arsenic
speciation with a great variety of techniques, (2) mo-
bility tests with static studies (single batch extrac-
tions) and dynamic studies (columns experiments).
These leaching experiments were done by varying
the pH and phosphate concentrations. The remobili-
zation kinetics of As, inherent to column experi-
ments, were also investigated in a series of single
batch tests with varying extraction times.

RESULTS AND DISCUSSION

In the three soils studied, As was mainly present in
the pentavalent form (As(V)) (between 92 to 100% of
total As) and arsenite was the other As species de-
tected. No arsenic crystalline phases were identified.
SEM-EDS investigations showed an arsenic/iron as-
sociation; this was confirmed by the sequential ex-
tractions experiments which also suggested an As

association with amorphous iron oxides. This pollu-
tion characterization showed As as being potentially
labile by reductive dissolution of iron oxides (Matera
et al. 2003).

This potential remobilization was confirmed by the
different arsenic remobilization tests (in batch, with
or without pH control, and in column). Indeed, de-
spite the given extraction conditions (pH or phos-
phates concentrations), dynamic tests (column ex-
periments) led to an arsenic remobilization more
important than the semi-equilibrium leaching test
(batch tests); this remobilization could reach, in the
alkaline medium (pH 11), 78% of total As. In an acid
medium, arsenic solubilisation, even if it is lower
than in alkaline medium, remains not inconsiderable
(up to 28% of arsenic in solution). Evaluation of ki-
netics models for arsenic desorption was already
studied: for instance, the remobilization of As over
time in semi-equilibrium leaching tests (batch tests
with pH control) was well described by a power func-
tion equation for the three soils (see figure 1 for re-
sults obtained on the Sb soil). The use of this func-
tion should allow us to describe [As] removal in Sb

soil in mg kg-1 (with t in hour) in this condition
(Matera and Le Hecho 2001):

[As] removed = 396 t 0,324

Furthermore, the influence of phosphate concen-
tration in solution on As remobilization was also
clearly demonstrated: an increase of phosphates in
solution implied a solubilisation of As. Thus the
maximum percentage of remobilized arsenic en-
countered in batch experiments may reach 10% in
Sa soil after 24 hours of shaking and for an initial
phosphate concentration of 2.10-2 M. Unlike the
other tests in column performed by varying pH, ar-
senic was remobilized as soon as phosphates had

Arsenic mobility in contaminated soils:
risk assessment based on extraction experiments
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been injected and then arsenic concentration in
leachate quickly decreased with time. This implies
that anion exchange between arsenic oxyanions and
phosphates ions is an instant phenomenon which
rapidly ends. Thus, in these conditions arsenic re-
moval clearly decreases after the sites which poten-
tially could be occupied by phosphates have been
occupied.

CONCLUSION

These mobility experiments allow us to access the
risks linked arsenical pollutions and underline that
these risks should be seriously taken into account.
These tests also provided information about As re-
lease mechanisms in such specific conditions.

Furthermore, whatever the conditions studied or
the type of remobilization experimentation carried
out, the minimal concentrations of solubilized arsenic
are largely higher than the maximum concentration
levels (MCLs) for drinking water that have developed
for many contaminants, including arsenic. The new
current MCL for arsenic has been established at 10
µg.l-1.

Figure 1. Arsenic removed from Sb soil during semi-equilibrium
leaching tests (batch tests with constant pH = 11).
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Since 1895 a metal smelter operates in the village of
Dornach. The smelter produces copper products and
alloys for the manufacturing industries. Until 1972
metal dust containing mainly Cu, Zn and Cd was re-
leased into the atmosphere without filtering. During
the next decade filters were installed which greatly
reduced the emissions. Since the end of the 1980s
the emissions of the smelter are below the limits al-
lowed by the Ordinance on Air Pollution Control
(LRV 1985). Nevertheless, because of the long pe-
riod during which the smelter was in operation, the
soils around it are polluted by heavy metals. A first
survey, conducted in 1986 (Wirz & Winistörfer 1987),
revealed increased metal concentrations over an
area of a few km2. Since there was evidence that
both the clean-up and trigger threshold of the Ordi-
nance Relating to the Impact on Soil (VBBo 1998)
were exceeded, the soil protection agencies of can-
ton Solothurn and Basel-Landschaft initiated in 2003,
jointly with the smelter operator, a new survey with
the aim (i) to delimit legally binding “pollution zones”
and (ii) to investigate the risk that arises from the
pollution for humans, plants and animals. This paper
is concerned with delimiting the “pollution zones”, re-
sults of the risk analysis will be presented elsewhere.

Soil sampling and chemical analysis were done in
3 stages to minimize the number of soil analyses at
sites that are uncritical (concentration < trigger
threshold). We focused on Cu (pollution most severe
when compared to the thresholds of the ordinance)
and on Cd because this metal is potentially the most
harmful to humans. To select the new locations
where soil should be sampled in a given stage of the
survey, we predicted the mean Cu and Cd content of
the parcels of land in an area of 18.1 km2 by geosta-
tistical conditional simulations (e.g. Chiles & Delfiner
1999) based on the data that were available so far.
Apart from data on heavy metals in the topsoil, we
used information on land use and its change since

1877 and on the geologic parent material in the sta-
tistical analyses.

A geostatistical structural analysis revealed that
the logarithms of the heavy metal concentrations
were linearly related to the logarithm of the distance
between a sampling location and the smelter. In the
first stage of the new survey we could not detect a
clear influence of the orientation of a site relative to
the smelter because sites in the east of the smelter
had been preferentially sampled in the earlier sur-
veys. To mend this, we preferably selected new sites
west of the smelter in the first survey stage. It turned
out that there was a distinct influence of the orienta-
tion (more pronounced spreading in the directions N-
E-S), which we consequently modelled in the later
stages of the survey. Land use had some effect on
the metal content in the topsoil (forest sites had
marginally larger concentrations) and for Cd geology
was also important (some Jurassic sediments are
naturally rich in this metal). All these effects were
considered in a linear regression model for the loga-
rithms of the metal concentrations. The residuals of
the regression models were spatially correlated, the
sample variograms suggested a range of spatial de-
pendence of some 50–100 m. To avoid the bias that
results from using the sample variogram of least-
squares residuals, we estimated the variograms pa-
rametrically by restricted maximum likelihood
(REML, Kitanidis 1983).

Using the estimated models, we predicted in each
stage of the survey the mean Cu and Cd content of
some 8000 parcels of land by Gaussian conditional
simulations. Then we grouped the parcels into con-
tamination classes by comparing the 5%- and 95%-
quantiles of the conditional predictive distributions
with the guide, trigger and clean-up thresholds of the
ordinance and another two ad-hoc thresholds (trig-
ger A and trigger B) chosen to subdivide the large
range between trigger and clean-up threshold.

Mapping heavy metal pollution in soils around a metal smelter by
geostatistical conditional simulations and multistage sampling
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When planning the first stage of the new survey,
as an example, the 5%-quantile of the predictive
distribution exceeded the clean-up threshold for five
parcels, leaving little doubt that these pieces of land
were heavily polluted. For another 96 parcels the
95%-quantile exceeded the clean-up threshold, but
the 5%-quantile was either below the clean-up, be-
low the trigger B, or even below the trigger A thresh-
old. Thus, the actual pollution was increasingly un-
certain for these parcels. Next, we looked at the
contamination classes for which the 95%-quantile
was between the trigger B and the clean-up thresh-
old. There were 278 parcels meeting this criterion.
By comparing the 5%-quantile with the various
thresholds we subdivided them again into 4 con-
tamination classes that characterized increasing un-
certainty about the true pollution level. The same
procedure was repeated for the parcels for which the
95%-quantile exceeded the trigger A, the trigger and
the guide thresholds.

Given an allocation scheme defined by the soil
protection agencies for the various contamination
classes, we then selected those parcels for soil
sampling that had the broadest predictive distribution
(large uncertainty about pollution level) within a
given contamination class. In stage 1 of the survey
soil was thus sampled at 218 sites, and the metal
content of the soil samples was measured. The new
data were added to the database, and the geostatis-
tical analyses were iterated for stage 2 and 3 of the
survey. In addition to selecting sites in this manner,
parcels of land for which any measurement was
“close” to the clean-up threshold were sampled re-
peatedly to reduce the risk of false positives when
assigning parcels to the zone of highest contamina-
tion (concentration > clean-up threshold).

In early spring 2005 soil sampling was complete.
Some 560 samples had been collected in the course
of the complementary survey. The data were once
more analyzed geostatistically, and final maps,
showing the mean Cu and Cd content of the parcels,
were produced by conditional simulations. All the
parcels were then assigned to a “pollution zone” by
comparing either the mean of the measurements
(where available) or the median of the predictive
distribution with the thresholds of the ordinance.

The multistage sampling procedure allowed us to
focus on that part of the polluted area around the
smelter where the pollution was likely to be severe
but the uncertainty about the actual level of pollution
was large. The uncertainty could be efficiently re-
duced by the complementary survey. Table 1 shows
that the area covered by the “high and broad” con-
tamination classes (row 2 & 3 of table) strongly de-

creased when we compare the results of the initial
analysis to the final result. At the same time the area
covered by the “high and narrow” contamination
classes (row 4 & 5 of table) increased.

Multistage sampling has another definite advan-
tage over any single stage sampling procedure: the
quality of the statistical modelling can be validated
by comparing the predictions computed for planning
a given stage with the data actually collected in that
stage. Such validation exercises showed that ap-
proximately 10-14% of the parcels that were as-
signed to the “pollution zone” “≥ trigger threshold”
will actually have a concentration less than that
threshold (false positives). Similarly, we must accept
roughly 4-11% false negatives. Such information
about the quality of the geostatistical predictions is
important for the soil protections agencies when de-
signing measures to avert any harm to humans and
other organisms.

Currently, the soil protection agencies of the two
cantons are about to implement suitable measures
to protect humans and animals against health risks
that arise from the polluted soils. These measures
will be selectively applied to the various “pollution
zones” that were delimited by the geostatistical
analysis.

5%-Quantile is … Planning stage 1 Final analysis
< trigger threshold 6.1 0.1

< trigger A threshold 18.0 7.1

< trigger B threshold 2.3 7.4

≥ trigger B threshold 1.6 2.8

Table 1. Area (ha) of the parcels in the contamination classes
for which 95%-quantile of predictive distributions of the Cu
content exceeded the trigger B threshold listed in dependence
of the size of the 5%-quantile of the predictive distribution.
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Uranium mobility in the environment is governed by
its oxidation state. The two environmentally pertinent
uranium oxidation states are U(IV) that is stable un-
der anoxic conditions and fairly insoluble, and U(VI)
that is stable under oxic condidtions and highly solu-
ble. Therefore, uranium minerals containing U(IV)
are generally considered to be insoluble in reduced
environments due to their low solubilities. Neverthe-
less, the thermodynamics and kinetics of interactions
between U(IV)minerals and natural organic ligands
are still not fully understood.

In this study, we investigated the effect of different
organic ligands on the dissolution of UO2 under re-
duced conditions. The interaction of UO2 with the si-
derophores DMA (2’-deoxymugineic acid) and DFO-
B (desferrioxamine B) as well as with the low mo-
lecular weight organic acids oxalate, malonate and
citrate was explored. Siderophores are organic
ligands that are usually exuded by microorganisms,
fungi and also by graminaceous plants under iron
deficient conditions to overcome iron limitation. Si-
derophores furthermore have the ability to increase
the solubility of iron and to increase the dissolution
kinetics of iron oxides (Kraemer, 2004). The tetra-
valent actinides reveal a similar chemical behaviour
as iron and, therefore, siderophores may be potential
actinide mobilizing ligands (Frazier et al. 2005).
Other common natural organic ligands are low mo-
lecular weight organic acids, like e.g. citrate, that
were shown to increase the solubility of actinides
(Ruggiero et al., 2002).

To determine possible interactions between acti-
nides and organic ligands, we carried out batch dis-
solution experiments with synthesized UO2 in the
presence of the phytosiderophore DMA, the micro-
bial siderophore DFO-B and the organic acids ox-
alate, malonate and citrate. The experiments were
carried out at pH 7.5 under reducing conditions. For
the phytosiderophores DMA, also adsorption ex-

periments were performed. DMA was able to mobi-
lize UO2, but dissolution rates for DMA-promoted
UO2 dissolution were rather low. DFO-B was the
most efficient ligand in dissolving UO2 followed by
the organic acid citrate. The combination of the two
ligands DMA and citrate and DFO-B and citrate re-
vealed a competitive adsorption between DMA and
citrate resulting in a lower dissolution rate and in a
negligible effect of citrate on the DFO-B promoted
UO2 dissolution. The results show that biogenic
ligands are important and effective dissolving agents
for actinide oxides and that they potentially contrib-
ute to the mobilization of tetravalent actinides.

REFERENCES

Frazier, S.W., Kretzschmar, R., Kraemer, S.M. (2005): Sidero-
phore promoted dissolution kinetics of UO2 studied under
reducing conditions using steady-state flow-through reac-
tors. Environmental Science and Technology 39: 5709-
5715.

Kraemer S.M. (2004): Iron oxide dissolution and solubility in the
presence of siderophores. Aquatic Sciences 66: 3-18.

Ruggiero, C.E., Matonic, J.H., Reilly, S.D. & Neu, M.P. (2002):
Dissolution of plutonium(IV) hydroxide by desferrioxamine
siderophores and simple organic chelators. Inorganic
Chemistry 41: 3593-3595.

Effect of siderophores and organic acids on the dissolution of UO2

under reducing conditions

Reichard, P.U., Kretzschmar, R. & Kraemer, S.M.

Institute of Terrestrial Ecology, Swiss Federal Institute of Technology Zurich, Switzerland



At the active tailings impoundments Carén (surface
22 km2; Figure 1) from the porphyry copper mine El
Teniente, Chile, initial steps of primary mineral al-
teration and geochemical changes after deposition
were studied. The tailings impoundment occupied at
the time of sampling an 8.5 km long sector of a val-
ley, followed downstream by a decantation lagoon
and the impoundment dam. The tailings contain up
to 3 vol% sulphides (mainly pyrite).

Drive-point piezometers were used at six sam-
pling points in the tailings impoundment to sample
water up to a depth of 4 m. From all samples, pH,
Eh, alkalinity and Fe(II)-concentrations were meas-
ured immediately. At these sites, tailings samples
were taken up to a depth of 2.5 m. Sample colour,
structure and paste-pH were determined immedi-
ately. Additionally, the tailings channel from the mine
to the tailings impoundment, the discharge point, the
lagoon at the dike of the tailings impoundment, and
the downstream river were sampled. Water samples
were geochemically analysed for ions by ICP-MS
and IC, solid samples mineralogically by XRD, XRF
and thin sections, as described by Dold et al. (2004).

The constant deposition in the elongated valley
and the rapid sedimentation near the discharge point
caused relief disequilibrium. This results in a slow,
solifluction-like mass movement of the non-
consolidated, water-saturated tailings material to-
wards the dike. Age of tailings material is propor-
tional to the distance to the discharge point, which
enables the study of primary mineral alteration of
tailings material with different age. Changes in time
are a decrease of pH from 8.7 to 7.4 at the surface
and an increase in heavy metals (Cu up to 80 µg L-1,
Zn up to 180 µg L-1, and Mg up to 30 mg L-1), indi-
cating that sulphide oxidation, takes place in the ac-
tive tailings impoundment. Water samples from the
tailings impoundment (sampling points TL-26 - Tl-10)
showed an increasing pH from 0 to 1 m depth; the

lower pH at the surface resulted possibly from first
oxidation steps from sulphides. With depth, this
process seems to be inhibited by the water-
saturation of the tailings. Water samples showed af-
ter the maximum pH at 1 m a decrease of pH with
depth (minimum pH at 4 m, pH 6.7 (TL-10) - pH 8.1
(TL-28)). This can result from the older tailings mate-
rial and a resulting advanced oxidation of sulphides.

In the sediments in the lagoon (sampling point TL-
21), the maximum pH was found in the deeper zones
(3 m depth, pH 8.8), possibly resulting from reducing
environment.

First analyses of metal concentrations in water
samples showed that element concentrations were
generally low, except of SO4 (1400 mg L-1) and Mo
(around 1 mg L-1).

Figure 1. Overview of the sampling locations on the Carén tail-
ings impoundment at the El Teniente porphyry copper mine
and pH-Eh diagrams of water data from the main sampling
points

First results of a mineralogical and geochemical study of the active
tailings impoundments Carén from the porphyry copper deposits
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A marine shore porphyry copper tailings deposit at
Chañaral was studied to understand the influence of
marine and highly saline waters on geochemical

processes in tailings deposits. From 1926 until 1974
150•106 t of tailings were send into the bay Bahia
Chañaral de las Animas, located in the Atacama de-
sert of Northern Chile, covering 4.5 km2, what re-
sulted in a displacement of the shoreline of 1 km.
The tailings originated from the Potrerillos mine from
1926 until 1959 and after 1959 from the El Salvador
mine, both located approx. 120 km east of Chañaral.
Between 1975 and 1989 130•106 t of tailings were
send to the sea at Caleta Palito, more exposed to
the marine current, 8 km north of Chañaral. The
deposition through the natural Rio Salado (the salty

river) was stopped 1989 because of a court decision.
Today, tailings are deposited onshore in the tailings
impoundment Pampa Austral. Only “clear water tail-
ings” of the Pampa Austral mixed with the high min-
eralized waters springing up at El Salado village are
still discharged to the sea at Caleta Palito, today. In
the closed bay of Chañaral, tailings developed sedi-
ment structures typical for tailings deposited in
closed basins. At the northern sites Playa Quebrada
Rio Seco and Playa Blanca the fine grained fracture
is missing, because of suspensive transport by the
northward oceanic current. Various studies showed
the total biological sterility regarding sandy beach
macro fauna and impacts to the ecosystem in the
northern discharge area (e.g. CASTILLA AND NEALLER,
1978; CASTILLA, 1983) during the discharge period.
This effect was explained by the high sedimentation
rate and toxicity of the tailings material. Recent re-
search found a clear association between tailings
and high Cu concentrations in seawater and pore
water with negative correlations for diversities and
densities of the meio fauna, also after deposition
ceased (LEE AND CORREA, 2005).  The population of
the city of Chañaral is affected by the highest cancer
rate of Chile.

The primary mineralization of the 41 m.y. El Sal-
vador mining district is characterized by an alkali
feldspar-biotite-anhydrite-chalcopyrite-bornite or
chalcopyrite-pyrite mineral assemblage. Supergene
enrichment formed an ore body of 1.5 km diameter
and a thickness of 200 m in order of magnitude, with
replacement of chalcopyrite and bornite by mostly
chalcocite and covellite (GUSTAFSON AND HUNT,
1975). Tailings deposited at Chañaral origin from the
secondary enrichment zone, today the primary zone
is exploited. For Cu and Mo extraction the flotation
process is conditioned to pH 10.5 by addition of lime,
what was the deposition pH of the tailings.

Hydrogeochemistry of the marine shore porphyry copper tailings
deposit at Chañaral,

Atacama desert, Northern Chile
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The tailings impoundment was studied by the instal-
lation and sampling of pisometer nests and squeez-
ing of sediment samples of the unsaturated zone to
get water samples (pH, Eh, EC, Fe(II), alkalinity;
samples for cations, anions, arsenic speciation and
_34S (0.2 µm) and colloidal flux (1.0 µm) (to be ana-
lyzed by ICP-MS, IC and HG-AAS respectively)).
Pore gas composition (O2, CO2, H2S) was measured
in field with a transportable Draeger® Multiwarn II.
By excavation of profiles sediment samples of the
oxidation zone were obtained and paste pH meas-
ured. Water samples were taken in the local water-
shed to trace back the origin of the waters infiltrating
the tailings deposit and samples taken of the marine
sediments within the bay of Chañaral.

At all sampling locations except CH12, oxygen
concentrations are ~ 20 vol% and CO2 concentra-
tions are ≤1 vol% in the entire profile. The tidal con-
trolled water level changes within the shore tailings
deposit causes a rapid gas exchange within the
sandy unsaturated zone.

Also the hydrology of the tailings system is con-
trolled by the tidal cycle, as rainfall (~20 mm/a) is
negligible in the Atacama desert. Further highly sa-
line waters (up to 117 mS/cm; up to 60 g/L Cl and 30
g/L Na), most likely entering as groundwater of the
El Salado river channel sediments, were found in the
southern and central sampling point transect. In the
northern transect less mineralized waters (up to 71
mS/cm) were found due to the mixing of marine wa-
ter (53 mS/cm) with the groundwater of the El
Salado valley. In the southern transect low-saline
waters (up to 0.9 g/L Cl and 0.8 g/L Na), possibly
from the sweet water supply or an unknown source,
infiltrate the tailings in the upper part of the profile.

Since 1975 a up to 2 m thick low-pH oxidation
zone formed at the top of the tailings, which is char-
acterized by jarosite and unidentified orange-brown
Fe(III)hydroxides as well as a vermiculite-type
mixed-layer mineral as principal secondary mineral
assemblage. At the shore line, pH values as low as
0.8 were measured.

Data from mineralogical and hydro-geochemical
studies indicate that the bivalent metal cations as
Cu, Ni, and Zn, are liberated in the oxidation zone
(up to 2265 mg/L, 18.1 mg/L, and 20.3 mg/L, re-
spectively). They are mobile under the acid condi-
tions and are transported mainly towards the tailings
surface via capillarity, were they are present in form
of chlorites (dominated by eriochalcite [CuCl2•H2O]
and halite) and are exposed to eolic transport. Based
on the preliminary results, two element flow direc-
tions (towards the tailings surface via capillarity and
towards the sea) and two element groups with differ-
ent geochemical behavior (cations such as Cu, Zn,
Ni and oxyanions such as As and Mo) can be differ-
entiated. It can be postulated, that the sea is mainly
affected by As, Mo, Cu, Zn contamination by seep-
age from the tailings and the El Salado River, while
the population of Chañaral is mainly exposed to high
concentrations of Cu and minor Ni and Zn via eolic
transport in form of water-soluble secondary mineral
particles.
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