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This special issue focuses on metal-contaminated areas
resulting from mining activities. These sites are characterized
by low nutrient availability, poor soil quality, and low pH, in
addition to high metal loads. The contamination at former
mining sites most often is associated with acid mine drainage
leading to the dispersal of metals. The resulting areas are
compromised with respect to both use of land for, e.g., agron-
omy and forestry, and groundwater, the main source of drink-
ing water, restricting future use. In addition, the contamination
can spread, if not attended to, contaminating additional, pre-
viously non-contaminated ecosystems. Government regula-
tions for effective management of contaminated sites exist
worldover, and reclamation of acid mine drainage-influenced
areas attracts growing interest. Remediation actions are nec-
essary, which, in addition to geo-engineering strategies, in-
creasingly include monitored natural attenuation and biore-
mediation. This needs to be based on a detailed understanding
of processes in bio-geo interactions at metal-contaminated
sites, which is addressed here to provide an integrated ap-
proach summarized in a scheme for useful application of each
of these remediation actions shown in this special issue at a
generalized former mining site. The proposed applications
help to minimize the risk to human health and environmental
impact and are cost-efficient.
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Soil is the basis of terrestrial life and has a major impact on
human life through its use for agriculture, forestry, or general
land use. In addition, it remains the largest terrestrial ecosystem
that is shaped by high numbers of microorganisms and plant
roots. The metabolic activities of both microorganisms and
plants sustain pedogenesis which, however, differs with respect
not only to base rock material and climatic conditions, but also
to, e.g., pollution. Root exudates as well as microbiological
acidification and release of chelating agents take part in heavy
metal mobilization and immobilization processes, which are of
high impact at metal-rich sites. The ecotoxicologically relevant
heavy metal concentrations are dependent on interaction with
soil particles and microbial surfaces; hence, inoculation strate-
gies may improve future land use.

Mobilization and distribution pathways for metals from
source, where geo-engineering techniques may be deployed,
to sink need to be re-evaluated. Nature has evolved ecosys-
tems able to cope with high metal loads, and by learning from
the evolutionary and biological processes, it may be feasible to
adopt additional strategies for bioremediation. During natural
attenuation, new minerals can be formed. This might lead to
supergenic ore formation and hence provides means to even
use these metals without disturbing new, natural sites. In this
special issue, we will discuss all mentioned mobilization and
immobilization mechanisms to contribute to a general under-
standing of bioremediation potentials. Thus, we may draw on
the potential of natural attenuation instead of premature appli-
cation of high-cost geo-engineering, depending on site-
specific parameters. This concept will allow for the reduction
of the costs of an estimated 38 billion Euro per year incurred
by society at large for soil destruction and environmental
degradation.

The formation of acid mine drainage (AMD) or also of acid
rock drainage (ARD) is a process related to unearthing metal
ores, many of which are sulfidic ores. Similar processes lead-
ing to AMD apply to coal mining, since coal also contains
sulfur in pyrite and marcasite as well as organically bound
sulfur. The anoxic environment in the mine does provide
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protection against sulfide oxidation, but after mining, expo-
sure to oxygen and water generates sulfuric acid, and the
acidic conditions lead to high metal solubility. A good ex-
ample is the Rio Tinto area (Rull et al. 2014). The end product
is the formation of iron (hydro)oxides. However, not only
iron is depositing as a (hydro)oxide. Depending on the
co-occurring metals, manganese and aluminum (hydro)oxides
may be deposited. The precipitation of metal (hydro)oxides
leads to co-precipitation and adsorption of other metals.
Recrystallization of the hydroxide minerals in sediments can
lead to long-term stabilization. The different affinity of metals
to these precipitates may lead to fractionation which has been
used, e.g., in rare earth element pattern studies, to determine
source and sink relationships and to identify processes in-
volved in metal distribution throughout the environment
(Grawunder et al. 2014).

Plant roots that come into contact with hardpans of metal
(hydro)oxides are prone to receive high metal loads with their
water uptake (Langella et al. 2014). Since the metals are
soluble in water, the plants experience phytotoxic metal con-
centrations in roots and also in aboveground plant tissues.
Hence, plant growth is impacted at metalliferous AMD sites.
The same, of course, holds true for microbiology: bacteria or
fungi at these sites need to express resistance mechanisms for
survival (Sprocati et al. 2014a, b).

One option of coping with an AMD site is to set it apart
for nature conservancy. This has been the case with, e.g.,
parts of the Rio Tinto area, Spain, and with Parys
Mountain in Wales, UK. The disturbance of an ecosystem,
at least at intermediate levels, leads to an increase in
species richness; therefore, sites impacted by a heteroge-
neous and widespread source of contaminant, as prevalent
in AMD, might find an increase in species. However, if the
metal burden gets too high, bare land will be visible, and
species number decreases, as many species will no longer
be able to cope with the harsh environment. From such a
disturbed site, a secondary succession will start forming a
new habitat eventually. On such disturbed sites, a special-
ized flora and microflora develop over time. The plants
must be able to cope with the high metal contents
(Wernitznig et al. 2014). This process can be enhanced by
mycorrhizae which work as biofilters and hence can protect
plants from excess uptake of metals. The examples that can
be taken from understanding the natural succession might
be useful to develop strategies which speed up desired
processes (Neagoe et al. 2014). The metal uptake into fungi
and plants thus needs investigation to understand mecha-
nisms that may be useful in bioremediation (Baumann et al.
2014). In creeks, natural attenuation often is seen to lower
the burden of mobile metals already in comparatively short
distances from the AMD entrance (Podda et al. 2014;
Medas et al. 2014). Natural attenuation, however, rarely is
the single solution to AMD since a rainstorm will
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(re)mobilize the precipitates. Aside from testing plant fit-
ness and growth under metal-rich conditions for each given
soil, soil microbiology is important and should be included
in any strategy aiming at revegetation of metal-
contaminated soil (Nicoard et al. 2014). Speeding up pro-
cesses will rely on amendments with microbial strains and
planting of species able to cope with metal-rich environ-
ments. The specific changes to the environment can be
made visible by, e.g., isotope studies (Pérez Rodriguez
et al. 2014).

Plant roots stabilize and protect soil from wind and water
erosion. Decaying plant roots leave passages also allowing for
preferential water flow. Furthermore, living roots contain spe-
cial tissues for aeration and therefore improve oxygen avail-
ability for microorganisms in soil. At the same time, up to
30 % of plant net photosynthesis products can be excreted by
the roots; these root exudates consist mainly of organic acids
like acetate, oxalate, malate, and citrate. These provide nutri-
tion for soil microorganisms which multiply in the vicinity of
roots. This rhizosphere thus is of special importance for pe-
dogenesis, soil structure, and soil function. In addition, this is
the place where interactions with metals can lead to uptake of
metals into biomass.

Plants can be used to extract metals from soil. The harvest-
ed plant material then may be burnt under supervised condi-
tions, and the ashes may be deposited safely or even be used
for metal recovery, then called phytomining. However, plants
also can be used in an approach called phytostabilization, in
which uptake into aboveground biomass is minimized. This
material is, e.g., useful for energy plant production, and hence
makes future land use possible at sites where the pollution is
not removed, but bound into mineral phases that prevent
further distribution. The soil conditions, microbial additions,
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Fig. 1 Conceptual drawing combining measures of integrated manage-
ment of AMD sites
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and plant choice are decisive factors determining whether
metal uptake or exclusion prevails (Sjoberg et al. 2014).

Until recently, industries attempting restoration did not
recognize that plants require appropriate belowground ecosys-
tems, especially at acutely challenging sites. The establish-
ment of the vegetation and its survival under stress conditions
are more likely if mycorrhizal fungi and rhizosphere bacteria
are present. Microbial consortia can aid both processes,
phytoextraction and phytostabilization. Thus, the inoculation
needs to be tested for every substrate, plant, and microbial
consortium before a decision on the optimal combination can
be made (Haslmayr et al. 2014). In addition, it may be advis-
able to improve the C,,, content and lower bioavailable frac-
tions of metals by adding compost to a very toxic substrate.
This will be true specifically for tailings or for heaps with high
concentrations of mobile fractions of metals. In contrast to
conventional methods of covering a heap to exclude water and
air entrance, here, only a 5- to 10-cm layer is mixed in with the
upper 15 to 30 cm of heap or tailing material. In addition to
improving the structure of the substrate and aiding plant
nutrition, the compost will also contain a vivid microbial
community. However, since this community is not adapted
to the harsh conditions at the former mining site, only few of
the microbes will survive. Thus, addition of microbes derived
from the site still is vital for the success of such a strategy.

The impact of microbes on the pH/Eh and therefore on the
formation (and weathering) of minerals cannot be
overestimated. Since metals are mobile under certain physi-
cochemical conditions, the alterations of geochemical para-
meters by microbial activities modify metal mobility, fraction-
ation patterns, and mineral composition (Allard et al. 2014).
Here, again, one can learn from the examples of AMD sites.
Biomineral formation has been reported, for example, in the
waters coming from galleries of a historic zinc mine in
Sardinia, Italy (Podda et al. 2014). Here, hydrozincite is
formed in the creek. One of the main aspects of hydrozincite
biomineralization is its effectiveness in the abatement of bio-
available heavy metals. In addition to zinc removal, lead is co-
precipitated with hydrozincite and/or retained onto the
hydrozincite surfaces as an inner sphere complex. Thus,
hydrozincite can be regarded as an effective trap for lead,
while cadmium can be easily washed out. At the former
uranium mining site in Ronneburg, Germany, iron and
manganese (hydro)oxide biogeogenic barriers have been
formed in the substrate added after removal of a leaching
heap during the past 20 years. Rare earth elements, as well
as other metals co-occurring at the site, are co-precipitated
with these cemented layers. Hence, the formation of
(hydro)oxides can act to remove iron and manganese as well
as other metals from the groundwater passing the barrier.
Hence, the precipitates not only serve the purpose of remedi-
ation of AMD, but at the same time will be a source of future,
or even contemporary, metal mining.

Taken together, from all parts assembled above, we can
develop a generalized view on AMD sites. In such a scenario,
AMD is generated within the (closed) mine and from heaps or
tailings. This water is entering creeks as surface water or pro-
duces return flow. The surface of stabilized tailings, as well as
soil on heaps or places of former heaps with high metal loads,
will impact newly added topsoil through capillary rise, and
windblown particulate matter as well as washed-out particles
are providing a challenge for formerly uncontaminated soils and
ecosystems. The AMD runoff might settle in ponds. In addition,
the groundwater is contaminated, and here, the use for drinking
water supply is not possible for ages. Therefore, further increas-
ing the metal loads in groundwater should be minimized if at all
possible. The single parameters need to be tested not only in
laboratory or greenhouse experiments, but necessarily also un-
der natural conditions in field trials (Sprocati et al. 2014a).

To use biologically aided techniques for remediation ac-
tions (Fig. 1), we could use this scenario to put the measures
discussed above into perspective. A collaborative research
like the project UMBRELLA (Using MicroBes for the regu-
lation of heavy metal. mobiLity at ecosystem and landscape
scAle) covered in this special issue is necessary to develop
integrated measures for bioremediation approaches to AMD-
influenced areas. The project UMBRELLA was funded by the
EU within framework 7 to identify processes applicable to
other sites across Europe, spanning different climatic regions
and different contaminations. Modeling the processes of re-
distribution of metals (Gamarra et al. 2014) will be needed to
adopt the optimized strategy for every single site. But, as can
be seen from the original research articles, plentiful tools are
available if biological and (hydro)geological research is com-
bined with modeling and end users to provide toolboxes for
the cost-effective bioremediation of large sites affected by
heavy metals.
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