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Abstract

Constructed wetlands are a standard sustainable technology in waste and mine water treatment. Whereas macrophytes
actively contribute to decomposition and/or removal of wastewater’s organic pollutants, removal of hydrolysable metals
from mine water is not attributable to direct metabolic, but rather various indirect macrophyte-related mechanisms. These
mechanisms result in higher treatment efficiency of (vegetated) wetlands relative to (unvegetated) settling ponds. Contribution
of macrophytes to treatment predominantly includes: enhanced biogeochemical oxidation and precipitation of hydrolysable
metals due to catalytic reactions and bacterial activity, particularly on immersed macrophyte surfaces; physical filtration
of suspended hydrous ferric oxides by dense wetland vegetation down to colloids that are unlikely to gravitationally settle
efficiently; scavenging and heteroaggregation of dissolved and colloidal iron, respectively, by plant-derived natural organic
matter; and improved hydrodynamics and hydraulic efficiency, considerably augmenting retention and exposure time. The
review shows that constructed surface-flow wetlands have considerable advantages that are often underestimated. In addi-
tion to treatment enhancement, there are socio-environmental benefits such as aesthetic appearance, biotope/habitat value,
and landscape diversity that need to be considered. However, there is currently no quantitative, transferrable approach to
adequately describe the effect and magnitude of macrophyte-related benefits on mine water amelioration, let alone clearly
assign optimal operational deployment of either settling ponds or wetlands. A better (quantitative) understanding of under-
lying processes and kinetics is needed to optimise assembly and sizing of settling ponds and wetlands in composite passive
mine water treatment systems.
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Introduction

Constructing wetlands for treatment of municipal, domestic,
agricultural, and industrial wastewater dates back to the early
1950s (Seidel 1966; Vymazal 2014). In the late 1970s and
early 1980s, observation of positive effects of natural wet-
lands on mine drainage chemistry in the Appalachian coal-
fields led to adaptation of wetlands for treatment of acidic
and/or metalliferous mine water (Huntsman et al. 1978;
Wieder 1989). Nowadays, constructed wetlands are used
to passively remove a variety of mine water contaminants,
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predominantly hydrolysable metals (Al, Fe, Mn), but also
other metals typically associated with mining activities (Ag,
Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, U, V, Zn), metalloids (e.g.,
As, Sb, Se), and other pollutants (e.g., cyanide, ammonia)
(e.g., Noller et al. 1994; Pedescoll et al. 2015; Sobolewski
1999; Walton-Day 1997). Since then, application of mine
water treatment wetlands has been spreading worldwide,
with a focus on legacy mine sites.

Both aerobic (free water surface-flow) and anaerobic
(vertical/subsurface-flow) wetlands as well as composite
systems are used for passive mine water treatment according
to mine discharge chemistry. Anaerobic wetlands are primar-
ily used to treat acidic mine drainage (AMD) by way of alka-
linity generation and metal sulphide precipitation, whereas
aerobic wetlands are used to treat neutral, metalliferous mine
drainage by way of oxidation and precipitation of hydrolys-
able metals (Skousen et al. 2017). This study is focussed on
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aerobic surface-flow wetlands (hereinafter “wetlands”), with
macrophytes prevalent in the free water column.

It is generally hypothesised that macrophytes have a
considerable effect on treatment performance and are the
keystone of surface-flow wetlands, which are in turn the
key “polishing” component to achieve a specific compli-
ance target for most passive treatment systems (Batty 2003;
Batty and Younger 2002). The importance of macrophytes is
undebated for wastewater treatment wetlands, where plants
actively participate in central elemental cycles (C, N, P) and
release allelochemicals or antibacterial substances (Bavor
et al. 2001; Kadlec and Wallace 2009; Vymazal 2014).
Ample literature based on quantitative studies exists on the
design and sizing of wetlands for wastewater treatment (e.g.,
Kadlec and Wallace 2009; Kadlec et al. 2000; Pedescoll
et al. 2015).

In contrast, there has been a long-standing discussion
whether mine water treatment wetlands outperform unveg-
etated settling ponds, since macrophytes do not take a meta-
bolically active role in metal removal. With numerous stud-
ies indicating better treatment performance and hydraulic
efficiency for wetlands compared to settling ponds, recently
including direct juxtaposition of large data sets (e.g., Opitz
et al. 2019; Pedescoll et al. 2015; Sapsford 2013; Sapsford
and Watson 2011), there is general agreement that wetlands
are superior in terms of treatment efficiency, particularly for
low iron concentrations (Batty et al. 2008). It was conse-
quentially concluded that, beyond the aesthetic value, mac-
rophytes play an important role even without substantial
direct uptake of hydrolysable metals or metabolic effects on
metal removal mechanisms (Batty 2003; Brix 1994; Sheo-
ran and Sheoran 2006). For instance, some aspects, such as
improved hydrodynamics and floc filtration by macrophytes
are frequently quoted (Skousen et al. 2017), and Batty and
Younger (2002) even showed that metal uptake may be a
factor at residual iron concentrations. However, to this day,
the processes and effects bringing about superior metal
removal efficiency in wetlands are described rather vaguely,
particularly from a quantitative perspective (Johnson and
Hallberg 2002). In addition, there is still an ongoing discus-
sion whether better treatment performance justifies increased
operation and maintenance requirements, shorter refurbish-
ment cycles, and complicated disposal of both metalliferous
and organic-rich sediments.

A holistic view of core advantages and disadvantages
as well as underlying processes and effects of wetlands is
required to facilitate well-founded decisions regarding the
deployment of vegetated or unvegetated ponds, both as
stand-alone units and in composite passive systems (Saps-
ford 2013). In this context, it stands to reason that mac-
rophytes are the decisive difference between wetlands and
settling ponds. The purpose of this study is to give a lit-
erature-based overview of the current state of knowledge
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regarding the contribution of macrophytes to mine water
amelioration in surface-flow wetlands. The goal is to identify
and describe the determining macrophyte-related processes
and effects contributing to mine water contaminant removal
as a (qualitative) basis for future in-depth investigation and
quantification of these effects. A better understanding of
macrophyte-related effects would go a long way towards
circumscribing or parameterising the difference between
settling ponds and wetlands and to ultimately improving the
design and sizing of composite passive systems. Exemplary
hydrochemical and environmental juxtaposition of settling
ponds and wetlands in this study is provided from interna-
tional literature and a closely monitored passive pilot plant
featuring equally sized, consecutive settling ponds and wet-
lands, as described in Opitz et al. (2019, 2020).

Ecological Background

Treatment wetlands are designed to artificially emulate
natural wetlands, creating a near-natural and densely veg-
etated aquatic environment. Wetlands are exceptional in that
various transitional and sometimes opposed environmental
conditions (e.g., stagnant to flowing, clear to turbid, oligo-
trophic to eutrophic) and gradients (e.g., temperature, pH,
oxygenation, light exposure, redox potential) are found in a
spatially confined area and may display considerable tempo-
ral (e.g., diurnal, seasonal, or hydrological cycles) variation
(Bezbaruah and Zhang 2004; Feierabend 1989; Garcia et al.
2003; Kadlec and Wallace 2009). Wetlands are exceedingly
dynamic systems that generally display substantial biomass
production and mineralisation, thus supporting intensive
substance and nutrient cycles (Mitsch et al. 2012). Conse-
quently, wetlands are a hotspot of (micro)biological activity
and productivity, usually supporting a particularly vibrant
and diverse ecosystem. It is therefore hardly surprising that
wetland biogeochemistry also affects metal (redox) cycles
and transformations with demonstrably positive effects on
water quality (Fennessy and Mitsch 1989; Sobolewski 1999;
Wildemann et al. 1993).

According to Kadlec et al. (2000), macrophytes are “the
dominant structural component of most wetland treatment
systems.” Early field observations and trials of shallow
Sphagnum bogs showed promising metal removal capacities,
especially for mildly acidic and neutral mine water (Klein-
mann et al. 1983; Wieder et al. 1982). However, overall
and especially long-term performance of hybrid Sphagnum
bogs was rather variable due to progressive armouring of the
plants, especially when faced with acidic and/or highly fer-
ruginous loadings (Brenner et al. 1993; Henrot and Wieder
1990). To further augment metal removal and alkalinisa-
tion, early mine water treatment wetlands were soon being
constructed as hybrid marsh-like wetlands with low water
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depth (5-25 cm) and high substrate depth (~ 50 cm) to facil-
itate both open water and pore space flow with limestone-
amended organic or peat substrates for metal adsorption and
alkalinity generation (Girts et al. 1987; Wieder 1989). Even-
tually, this led to the more targeted forking into anaerobic
and aerobic wetlands seen today (Hedin et al. 1994; Mcl-
ntire and Edenborn 1990). Nowadays, aerobic wetlands are
constructed as shallow basins with a loose rooting substrate
predominantly planted with emergent, tall-growing herba-
ceous macrophytes, although submerged or floating plants
may occur alongside. Recommendations for water depths
range from 15-25 cm (Younger et al. 2002) to 10-50 cm
(Hedin et al. 1994). Generally, a water depth of 50 cm was
reported as the maximum tolerable by emergent, tall-grow-
ing macrophytes, e.g. Typha and Phragmites generas, to reli-
ably develop dense vegetation coverage (Brodie 1991; Wil-
demann et al. 1993). However, most wetlands are designed
with water depths of 10—40 cm to promote vegetation diver-
sity and to accommodate other hygrophilous plants from
generas such as Juncus, Scirpus/Schoenoplectus, Carex,
Acorus, Eleocharis, and Sphagnum. Planting of constructed
wetlands is guided by environmental conditions and local
species, with, for instance, Phalaris or Cyperus preferred
in warm, subtropical or tropical climates. Plant community
in constructed wetlands may display considerable floral
diversity, although over time, dominance of fast-growing
reeds and cattails is to be expected in temperate climates
due to their environmental resilience, competitive vegetative
growth, and reproduction (Brodie 1991; Maine et al. 2009;
Stark et al. 1994). Population density varies depending on
water level, water quality, plant community, and climate, yet
may quickly reach up to several dozen cattails (Sencindiver
and Bhumbla 1988; Stark et al. 1994) or several hundred
reed shoots per m? (Tanner 1996).

Due to the dynamic environmental conditions of wet-
lands, respective macrophytes are adapted to or toler-
ate chemical and biophysical stress. Hence, most wetland
plants are robust towards the detrimental or even potentially
toxic conditions that are characteristic for both acidic and
metalliferous mine drainage, including but not limited to
low pH, high pollutant levels (metals, metalloids, sulphate,
ammonia), high levels of dissolved and/or suspended solids,
increased salinity and turbidity (the latter also reducing light
transition), and low dissolved oxygen and nutrient levels
(e.g., Batty and Younger 2003; Karathanasis and Johnson
2003; Manios et al. 2003; Nixdorf et al. 2001; Tanner 1996;
Taylor and Crowder 1983; Wu et al. 2015) as well as ochre
plaque on plants, roots, and rooting soil (e.g., Chabbi 1999;
Fernandes and Henriques 1990; Snowden and Wheeler
1995). Respective tolerance or phytotoxicity thresholds as
well as uptake capacity and bioaccumulation were observed
to be high in wetland macrophytes, both towards surround-
ing water and rooting substrate or soil solution (e.g., Batty

and Younger 2003; Maine et al. 2006; Matthews et al. 2004;
Outridge and Noller 1991; Ye et al. 1997b). Although
impairment of both physiological development and nutri-
ent metabolism were observed for macrophytes in mining
influenced waters by Batty and Younger (2003, 2004) and
Wenerick et al. (1989), most treatment wetlands achieve full
vegetation cover within a few years, even under at times
life-hostile conditions (Mayes et al. 2009; Stark et al. 1994).

Contributing Processes and Aspects

The following review of the various effects of macrophytes
on mine water treatment in wetlands is sorted by the nature
of the process or effect as much as possible. Where overlap
is intrinsic, assignment was done to the best of our judge-
ment. Most effects are related to iron removal as the prin-
cipal treatment goal in surface-flow mine water treatment
wetlands.

Filtration Effects

Submerged parts of aquatic macrophytes such as shoots,
leaves, rhizomes, and roots as well as fresh litter and
decaying detritus provide substantial surface area for par-
ticle filtration through interception and trapping of sus-
pended solids. Various field and laboratory studies have
shown significantly increased particulate matter retention
in vegetated compared to unvegetated flowing waters (e.g.
Cotton et al. 2006; Elliot 2000; Horvath 2004; Pluntke
and Kozerski 2003; Saiers et al. 2003; Verschoren et al.
2017). Most studies were able to pinpoint macrophytes as
the ultimate cause. For example, Verschoren et al. (2017)
compared a lowland river reach in fully vegetated (77-90%
cover), partly mown (48-56% cover) and unvegetated (0%
cover) state and found an increase in mean particle travel
distance (e.g., 14.0 vs. 15.4 vs. 25.4 m for wood chips)
as well as a decrease in particle retention (e.g., 97.2 vs.
96.1 vs. 86.0% for wood chips) and hydraulic efficiency
(0.83+0.03 vs. 0.76 0.03 vs. 0.67 +0.03 for NaCl tracer
tests) with progressing vegetation removal. Analogously,
Pluntke and Kozerski (2003) observed approximate dou-
bling of particle retention in vegetated compared to unveg-
etated experimental littoral conditions using particles and
spores in the size range of 3—120 um. What is more, Saiers
et al. (2003) found increasing removal of colloidal TiO,
(average diameter 0.3 um) in a surface-water flume facil-
ity vegetated with Eleocharis spp. and estimated that “a
single stem was capable of scavenging 29% of the particles
that approached its projected cross-sectional area from the
upstream direction”. Consequently, macrophyte-related
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filtration of particulate matter is not limited to macro-
flocs in the upper micrometre range that are predestined
to gravitationally settle quickly according to the ratio of
flow and settling velocity (Sheoran and Sheoran 2006), but
also affects dispersed nanoparticles and colloids that are
not susceptible to effective gravitational sedimentation and
would thus pass through settling ponds unimpeded. Fen-
nessey and Mitsch (1989) observed a significant increase
in particulate iron removal rates from mine water, from
20-30% before up to 50-60% after full development and
maturation of cattail populations. Interestingly, the authors
also positively correlated iron removal and Typha biomass
production in the three consecutive wetland cells, although
the relationship may be affected by differences in influent
water chemistry.

Generally, particle interception increases with increas-
ing vegetation cover. Therefore, existing approaches to
quantification of improved particle retention by dense
aquatic vegetation are often based on or include respective
physical, plant-related parameters (e.g., immersed surface
area, stalk diameter, plant density, biomass) and ecological
factors (e.g., plant species, vegetation development; e.g.,
Nepf 1999; Saiers et al. 2003; Schmid et al. 2005; Ver-
schoren et al. 2017). Since filtration of suspended particles
by macrophytes was also observed to be influenced by
hydrodynamics (e.g., flow velocity, velocity distribution,
shear stress) and particle characteristics (e.g., concentra-
tion, size, morphology, or charge), further approaches to
quantification of particle retention by wetland macrophytes
are based on modelling of particle-macrophyte interac-
tion at laminar flow related to, for example, plant-related
alteration in velocity distribution, turbulence, shear veloc-
ity, and drag. Most models and relationships are, however,
based on specific assumptions or site-specific, empirical
wetland and particle characteristics, respectively. Since
wetlands are very diverse and dynamic systems and the
examined particles are a variety of organic and inorganic
materials that are easy to handle and reasonably repre-
sentative of natural waterborne particles (e.g., polymers,
spores, chips, clay, corundum, quartz), findings from exist-
ing studies are hardly transferrable to mining environ-
ments. In this context, periphyton coating of macrophytes
may considerably alter colloid filtration, depending on
the particle surface charge, as speculated by Saiers et al.
(2003). Unfortunately, the authors of this study know of no
(quantitative and transferrable) results regarding increased
removal of hydrous ferric oxides by macrophytes in mine
water treatment wetlands to date.

Physico-chemical Effects

Plant surfaces in general, and ochre-covered tissues in par-
ticular, provide extensive catalytic surfaces for adsorption,
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heterogeneous oxidation, and precipitation of dissolved
(supersaturated) metals (Batty et al. 2008). Reactive sur-
faces greatly increase reaction kinetics and thus accelerate
removal of divalent iron and manganese from mine waters
(Dempsey et al. 2001). Heterogeneous ferrous iron oxida-
tion is assumed to be either closely linked to or in competi-
tion with biological oxidation (van der Beek et al. 2012),
although the borderline or interrelation between surface-
catalysed (chemical) and bacterially-catalysed (biological)
ferrous iron oxidation as well as between inorganic plaque
and biofilms in circumneutral aquatic environments is still
unclear and the subject of current research. Similar uncer-
tainties are found in the field of drinking water purification
(Mouchet 1992; van Beek et al. 2012). Irrespective of this
discussion, oxidation of divalent iron and manganese ions
is clearly expected to increase in the presence of reactive
surfaces and/or respective iron-oxidising bacteria (Batty
et al. 2008; Luan et al. 2012) and it is well-known that other
metals associated with mine waters are susceptible to sorp-
tion on submerged macrophyte surfaces, as reported by
Lesage et al. (2007). Ochreous surfaces and biofilms are
most important at low or residual iron concentrations where
hydrous ferric oxides (and the catalytic effect they can pro-
vide) are negligible.

Biochemical Effects

In the context of this study, biological and biochemical
effects describe a passive or indirect contribution by wet-
land macrophytes to metal transformation or removal that
does not (directly) involve the plant’s intrinsic metabolism.

First and foremost, the near-natural aquatic and benthic
environment created by hydrophytes with at times steep gra-
dients in dissolved oxygen, redox potential, and pH favours
development of microorganisms benefiting from environ-
mental heterogeneity. Roots and submerged plant tissue as
well as root exudations provide a suitable, nurturing envi-
ronment and growth surface for development of extensive
biofilms and periphyton, and generally stimulate bacterial
activity and diversity (Dunbabin and Bowmer 1992; Pietran-
gelo et al. 2018; Weiss et al. 2003). Field observations of
mining-influenced waters indicate that macrophytes stimu-
late biogeochemical activity in the water column, rhizos-
phere, and sediment, including but not limited to biological
metal oxidation and subsequent precipitation of respective
(hydr)oxides (especially the iron redox-cycle) as well as
trace metal assimilation and sequestration (e.g., Chabbi
1999; Doyle and Otte 1997; Emerson et al. 1999; Hansel
et al. 2001; Neubauer et al. 2002). Moreover, bacteria can
also increase particle flocculation due to particle bridging
by way of secreted extracellular polymeric fibres (Banfield
et al. 2000; Droppo and Ongley 1994). Ferrous iron oxida-
tion and concomitant precipitation and removal of hydrous
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ferric oxides in passive system was evaluated by way of a
performance index (e), comparing observed with anticipated
ideal iron removal via respective first-order kinetics by Saps-
ford and Watson (2011). With e=1 indicating ideal per-
formance, the results showed that iron removal in wetlands
lived up to expectations (median € = 0.89, n=12), whereas
settling ponds broadly underperformed (median € ~ 0.59,
n=10), indicating “that lagoons are less efficient for iron
removal than wetlands” (Sapsford and Watson 2011). This
is in accordance with the findings of Kadlec (2003), who
reported larger removal rate constants for typical wastewa-
ter contaminants (TSS, BOD, NH,-N, P, fecal coliforms)
without exception in unvegetated ponds, attributable to vari-
ous biogeochemical processes in addition to filtration.

On top of that, field studies indicate a similar, potentially
even stronger effect for manganese oxidation. Chemical
Mn(II)-oxidation is kinetically limited at pH <8 and in the
presence of ferrous iron, yet may increase in wetlands com-
pared to settling ponds after lowering iron concentrations, as
observed by Stark et al. (1995) and Wildemann et al. (1993).
The effect is illustrated for the exemplifying pilot system in
Fig. 1, with wetlands showing similar (Fe) or better (Mn)
removal efficiency than settling ponds despite lower inflow
concentrations. Stimulation of metal oxidation processes
in wetlands may enhance overall metal removal kinetics,
yet the effect of macrophytes on both/either heterogeneous
(physico-chemical) and/or bacterial (biological) oxidation
is yet to be elucidated.

Current and future research on biological ferrous iron
oxidation by neutrophilic bacteria may show if and how
chemical and biological oxidation are coupled in circum-
neutral environments (Emerson and de Vet 2015; Ilbert and
Bonnefoy 2013; Kappler et al. 2015), although ferruginous
mine waters may pose an additional challenge. At the current
state of science, it must be assumed that ferrous iron oxida-
tion in circumneutral mine waters is predominantly driven
by chemical oxidation mechanisms (Kirby et al. 1999). Not-
withstanding this, bacteria not only contribute to short-term
formation of transient amorphous or hydrous metal oxide
phases, but also to subsequent long-term transformation to
more stable, increasingly crystalline minerals (Tuhela et al.
1992). Beyond that, it is conceivable that biological oxida-
tion of divalent iron and manganese may be increasingly
important at more acidic pH and/or low oxygen concen-
trations (Kirby et al. 1999; Sobolev and Roden 2001), for
residual concentration levels in the compliance range (Batty
and Younger 2002; Batty et al. 2008) and in the presence of
adequate biofilm growth surfaces (Mouchet 1992; van Beek
et al. 2012; Weber et al. 2006).

Furthermore, the generation of dissolved, colloidal, and
particulate natural organic matter (NOM) in wetland envi-
ronments is important for metal cycles and removal due to
their affinity for metals and complex organic molecules. The

abundance of organic substances in wetlands contributes to
further decreases in residual ferrous and ferric iron concen-
trations in different ways:

First, heteroaggregation of suspended NOM and hydrous
ferric oxides was identified as a major iron removal mecha-
nism in estuarine and wetland environments (Mayer 1982;
Tipping and Cooke 1982; Tipping and Ohnstad 1984). Put
simply, at circumneutral pH, humic substances are nega-
tively charged due to ionisation of carboxyl groups, whereas
hydrous ferric oxides are positively charged due to hydrolytic
reactions. Consequently, charge neutralisation is achieved by
adsorptive aggregation of hydrous ferric oxides and humic
substances, resulting in increased aggregate size, stability,
and altered zeta potential (Liang et al. 1993). Organic col-
loids or particles may therefore act as “natural coagulants”
for dissolved and suspended iron and enhance formation
of larger aggregates that gravitationally settle more easily
(Pizarro et al. 1995; Sholkovitz 1978). Iron removal in con-
nection with NOM is particularly important for low or resid-
ual iron concentrations, which is not to be underestimated
in the context of strict compliance limits (Opitz et al. 2019).

Second, decomposition of plant tissue and detritus
releases organic (poly)ligands such as humic and fulvic
acids. These anionic groups contribute to scavenging of
dissolved iron through organic complexation, sorption, and
chelation (Peiffer et al. 1999; Tipping and Hurley 1992).
Studies show that organic matter decomposition over time
exposes additional ligands and functional groups, resulting
in (relative) accumulation und stable immobilisation of iron
and other metals within and near the organic-interspersed
wetland sediment (Larsen and Schierup 1981; Sobolewski
1999). The potential for remobilisation towards the water
phase is considered small since metals are usually bound
in stable metal-chelate complexes (Galletti et al. 2010;
Sobolewski 1999).

100 4 Fe-Inflow H Mn-Inflow —— Fe-Inflow H Mn-Inflow [—
8.2 mg/L 1.6 mg/L 2.6 mg/L 1.3 mg/L
(n=120) (n=53) (n=120) (n=53)

Fe/Mn-removal [%]

Wetlands

Mn-removal |

Settling ponds

| Fe-removal

Fig. 1 Relative ferric iron and manganese removal (inflow=100%)
in consecutive settling ponds and wetlands from the pilot system
described in Opitz et al. (2019)
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Third, organic matter generated by plant growth and
decay is used as an energy source by various microorgan-
isms that contribute to metal transformation and fixation
in the aqueous and particularly the benthic zone (Hansel
et al. 2001). As a consequence, iron and other metals from
soil-solution are precipitated as sulphide minerals in deeper
reaches of the sediment and substrate. This metal removal
mechanism based on dissimilatory sulphate reduction is,
however, characteristic of anaerobic wetlands and covers
only a small share of the overall iron load in aerobic wet-
lands. Nevertheless, the process may be important for pol-
ishing and even more so for the removal of trace metals such
as Cu, Pb and Zn (Sobolewski 1999).

Phytologic Effects

Besides the indirect effects described above, macrophytes
also actively contribute to mine water treatment and quality
by way of several intrinsic phytologic processes and char-
acteristics. Plants are used in environmental remediation for
accumulation of contaminants and metals through direct
uptake and incorporation into plant tissues (phytoextraction)
(Ernst 1996; Khalid et al. 2017). With regard to mine waters,
it was firmly established that bioaccumulation of major con-
taminants such as Fe, Al, and Mn in wetlands is negligible
at high loadings, for example accounting for less than 1%
of overall iron removal (Fernandes and Henriques 1990;
Mitsch and Wise 1998; Sencindiver and Bhumbla 1988).
The same is true for other metals associated with mining
activities present at noteworthy loadings such as Cd, Cr, Cu,
Ni, Pb, and Zn (Liu et al. 2007; Mays and Edwards 2001;
Nyquist and Greger 2009) as well as U (Overall and Parry
2004). For example, Ye et al. (2001b) found low accumula-
tion of Fe (0.91%), Co (0.19%), and Ni (0.38%) in Typha
latifolia, despite relatively low loadings and good overall
removal throughout the wetland system, indicating that met-
als were removed by other means than bioaccumulation. It
is, however, important to note that numbers on metal uptake
in wetlands are generally difficult to compare and sometimes
conflicting due to the different (e.g., lab vs. field, metal load-
ing, pH, redox potential, contact time) testing conditions
(Marchand et al. 2010).

Nevertheless, many field and mesocosm studies of mine
and waste water treatment wetlands indicate that active
bioaccumulation by hydrophytes might be relevant for
metals at trace concentration levels (e.g., Dunbabin and
Bowmer 1992; Ellis et al. 1994; Maine et al. 2006; Out-
ridge and Noller 1991; Schierup and Larsen 1981; Scholes
et al. 1998; Ye et al. 1997b). By way of example, Maine
et al. (2006) found root tissue metal concentrations of T.
domingensis to multiply by factors of about 7 (Cr) and 8
(Ni) at low mean water concentrations (22 and 17 pg/L,
respectively) within a year of wetland operation, and even
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a doubling of Zn, despite water concentrations below
detection limit (< 0.05 pg/L). Perhaps most interestingly,
Batty and Younger (2002) reported a maximal iron uptake
by P. australis seedlings in laboratory exposure experi-
ments of ~ 100% at an iron supply of 1 mg/L, dropping at
both higher and lower iron concentrations, with < 50% at
0.5 and 2 mg/L, and <25% at<0.1 and > 5 mg/L. Metal
uptake—including iron—by macrophytes in terms of mass
content was shown to increase at greater concentrations
(Batty and Younger 2003)—and decrease with increasing
water column or flow velocity, presumably due to declin-
ing contact time between contaminated water and plant
(roots) (Kumari and Tripathi 2015; Schierup and Larsen
1981, Stark et al. 1996). For instance, iron contents in
shoots, rhizomes, and roots of up to almost 1, 10, and
100 g/kg dry weight, respectively, were observed at solu-
tion concentrations of 50 mg/L in the P. australis seed-
ling exposure experiments by Batty and Younger (2003)
mentioned above. It was also shown that wetland macro-
phytes accumulate different metals in different plant com-
ponents, with the highest concentrations usually found in
roots and rhizomes, especially compared to above-ground
tissues (e.g., Ellis et al. 1994; Kumari and Tripathi 2015;
Liu et al. 2007; Stark et al. 1988; Tanner 1996; Taylor
and Crowder 1981; Ye et al. 2001a, b, c¢). For instance,
Ellis et al. (1994) found Cd, Cu, Pb, and Zn in T. latifo-
lia from low exposure field sites was approximately two
thirds in root and rhizome tissues and only one third in
leaf tissues. In comparison, up to two orders of magni-
tude higher concentrations of Cd, Cu, Fe, Ni, Pb, and Zn
were found in roots and rhizomes compared to shoots of
T. latifolia and P. australis in high exposure laboratory
experiments (Batty and Younger 2003; Ye et al. 1997a,
b). Furthermore, O’Sullivan et al. (2004) and Schierup
and Larsen (1981) showed that metal (bio)availability for
macrophytes is governed by geochemical and environmen-
tal factors, such as pH, redox potential, speciation, carbon
content, and temperature. Conversely, sediment pH and
redox potential are in turn influenced by wetland plants,
as reported for Typha populations by Sencindiver and
Bhumbla (1988). Altogether, bioaccumulation is expected
to prevail in shallow, bog-like wetlands and waterlogged
anaerobic soils or sediments with low flow velocities
allowing for adequate contact time between contaminated
water and plant (roots) where metal uptake and fixation is
correlated with soil-sediment concentration (Taylor and
Crowder 1981). Nevertheless, most of the metals that are
not precipitated in the water column are expected to be
retained within the soil-sediment matrix, chiefly by sorp-
tion on plant detritus and sulphide precipitation in a reduc-
ing environment (e.g., Galletti et al. 2010; Karathanasis
and Johnson 2003; Maine et al. 2006; Mays and Edwards
2001; O’Sullivan et al. 2004; Ye et al. 2001c¢).
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A more complex biogeochemical interaction is found
in the rhizosphere where radial oxygen release from plant
roots creates an aerobic-anaerobic interface of substantial
areal extent (Armstrong et al. 1992; Dunbabin and Bowmer
1992). Iron and manganese plaque formation was observed
for various plants and (metalliferous) environments directly
on the root surface and throughout the sediment (Snowden
and Wheeler 1995). It is still unclear whether this is simply
a consequence of radial oxygen loss from roots or in fact a
protective plant mechanism controlling metal phytotoxicity
and uptake rates. In any case, it is clear that metal deposi-
tions act as a sink for not only iron, manganese, and alu-
minium (Batty and Younger 2003), but also several other
trace contaminants associated with mining activities (As,
Cd, Cu, Pb, Ni, and Zn) as well as phosphate (e.g., Batty
et al. 2000, 2002; Hansel et al. 2001; St-Cyr and Campbell
1996; Ye et al. 1997a, 2001a).

Environmental Effects

Dense macrophyte stands have considerable beneficial
effects on constructed wetland functionality. Wetland
macrophytes develop extensive rhizome and root systems
throughout and above the substrate that physically stabilise
the sediment, preventing resuspension of the accumulating
ochre (James et al. 2004; Kadlec et al. 2000; Nyquist and
Greger 2009). In addition, extensive and dense hydrophyte
populations improve the microclimate through evapotran-
spiration and shading in summer as well as insulation and
windbreak by senescent, erect macrophytes in winter (Brix

1994; Garcia et al. 2003; Wittgren and Maehlum 1997).
Water temperature in wetlands displays a more sluggish
reaction and lower amplitude relative to settling ponds
(Gearheart 1992). This effect is illustrated in Fig. 2 for the
exemplifying pilot system, becoming slightly more pro-
nounced in the second vegetation period due to increased
maturity. In addition, fewer and less extreme water tem-
peratures, particularly warm temperatures, were observed
in the wetland compared to the settling pond, with maxi-
mum temperatures of 30.7 and 27.2 °C measured in set-
tling pond and wetland, respectively. More stable tempera-
ture conditions in wetlands prevent thermal currents or
buoyancy effects and thus improve gravitational settling of
particulate hydrous ferric oxides, although it may also lead
to semi-permanent thermal stratifications that reduce the
effective volume. Additionally, windbreaking by emergent
stems and leaves contributes to the hydraulic efficiency
of wetlands, especially compared to bare settling ponds,
by reducing wave formation, water turbulence, disper-
sion, and most importantly, by preventing wind-driven
currents transporting contaminated water from inflow to
outflow with minimal retention time (Goodarzi et al. 2018;
Thackston et al. 1987). Windbreaking also contributes to
erosion control, preventing resuspension of settled flocs
(Batty 2003; Braskerud 2001; Brix 1994).

Hydraulic Effects

Both settling ponds and wetlands basically provide
retention time for natural biogeochemical reactions and
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physical processes to proceed to completion (Jing et al.
2002). Besides accelerating or providing a better environ-
ment for respective reactions and processes as described
above, macrophytes improve overall hydraulic efficiency
and may ultimately increase the actual hydraulic retention
time compared to bare settling ponds of equal size (Jadhav
and Buchberger 1995; Persson et al. 1999). For example,
Verschoren et al. (2017) conducted an experimental field
comparison of a lowland river reach with fully developed,
partially removed, and fully removed aquatic vegetation
and reported that “vegetation free treatments [...] had the
lowest hydraulic resistance, the highest flow velocity, the
highest longitudinal dispersion coefficient, the largest tran-
sient storage zone, and the lowest retention of particulate
matter.” Improved hydraulics in wetlands compared to
unvegetated ponds are attributable to several effects that are
directly related to macrophyte vegetation as natural hydrau-
lic obstacles (e.g., Braskerud 2001; Buchberger and Shaw
1995; Horvath 2004; Jadhav and Buchberger 1995; Kadlec
1994; Laurent et al. 2015; Nepf 1999; Persson et al. 1999;
Su et al. 2009), including but not limited to:

e Increased mixing, flow distribution and flow regula-
tion encouraging more homogeneous hydrodynamics
(approaching “plug flow”);

e Reduced flow velocities and more regular velocity pro-
files in the vertical direction;

e Less dead or stagnant zones, stratification, dispersion,
and preferential or open-channel flow (“short-circuit-
ing”);

o Reduced wind-related effects (see above).

For details on quantitative aspects such as hydraulic
efficiency in general and effects of wetland vegetation in
particular, the reader is kindly referred to respective spe-
cialised literature (e.g., Kadlec 1994; Persson et al. 1999;
Thackston et al. 1987). Altogether, hydraulic retention time
and advective transport increase with greater vegetation den-
sity (Braskerud 2001; Jadhav and Buchberger 1995). It is
important to note that the effect of vegetation on hydraulic
efficiency strongly depends on flow regime, vegetation type
and density, as well as pond shape, length:width ratio, and
layout (Guo et al. 2017; Persson et al. 1999; Persson and
Wittgren 2003; Su et al. 2009). Badly maintained wetlands
with spatially irregular vegetation distribution or silting up
can have opposite effects, such as flow channelling or plug-
ging (Brix 1994; Jadhav and Buchberger 1995; Klerk et al.
2016; Persson et al. 1999; Wahl et al. 2012). Field tracer
tests of various settling ponds and wetlands in UK passive
mine water treatment systems showed better hydraulic effi-
ciency for wetlands, whereas the effective volume of settling
ponds was often considerably reduced due to dispersed flow,
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poor mixing, and short-circuiting (Kruse et al. 2009; Kusin
et al. 2010; Sapsford 2013).

Ancillary and Secondary Benefits

Besides contributing to water quality improvement and sys-
tem operation, the supplemental benefits of wetland veg-
etation should not be underestimated (Batty and Younger
2002). First and foremost, the near-natural appearance of
lush, green wetlands increases the aesthetic appearance
of the treatment system, especially compared to bare set-
tling ponds or conventional reactor-based (chemical)
treatment plants (Batty 2003). The value of wetland eco-
systems beyond the intrinsic treatment purpose nowadays
represented and evaluated by various ecosystem services is,
without going into further detail, often widely underesti-
mated (e.g., Liquete et al. 2016; Masi et al. 2018; McInnes
2013; Mitsch et al. 2014). In addition, constructed wetlands
provide wildlife shelter and habitat with diverse biotopes
and ecological or structural niches for various (even pro-
tected) aquatic and semi-aquatic species (Knight 1997;
Knight et al. 2001; Lacki et al. 1992). Although constructed
wetlands may develop a spatially inclusive and comprehen-
sive, yet structurally diverse mosaic of predominantly reed
beds or sedge reeds, most mine water treatment wetlands
display less overall floral (and faunal) diversity compared
to natural wetlands due to the monocultural reed or cattail
structure (Knight 1997). This is mostly due to the techni-
cal design and management of treatment wetlands, where
the primary consideration is preservation of hydraulic and
treatment performance (Thullen et al. 2005). Nevertheless,
constructed wetlands contribute to the restoration, develop-
ment, and conservation of functioning ecological interrela-
tions, biodiversity, wildlife corridors, and biotope networks
in post-mining landscapes (Batty 2005; Feierabend 1989;
Klerk et al. 2016; Yang et al. 2006). Biological water quality,
which is increasingly introduced as a monitoring and valu-
ation parameter (e.g., EU Water Framework Directive bio-
logical quality elements, U.S. EPA Biological Water Quality
Criteria Program), is considerably improved through devel-
opment of the increasingly diverse aquatic micro- and macro
fauna within passive systems, and thus before discharge to
freshwater environments. Secondary benefits such as these
may become increasingly important to the acceptance level
of passive mine water treatment plants amongst stakehold-
ers, particularly residents, and environmental authorities.
Macrophyte metabolism (especially uptake and assimila-
tion) as well as stimulation of biological activity and self-
sustaining nutrient or substance cycles in wetlands lead to
biotransformation of organic compounds potentially present
in mine waters, such as carbon- or nitrogen-based residues
from explosives or cyanidation (Koren et al. 2000; Zaitsev
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et al. 2008) as well as carbon fixation (Mitsch et al. 2012).
Elevated ammonia in coal mining discharges originat-
ing from degradation of organic residues in coal or lignite
deposits is reduced through plant uptake and assimilation
as well as autoxidative transformation towards nitrate in
oxygenated wetland environments (Vymazal 2013). It is,
however, important to note that the aquatic nitrogen cycle
is predominantly limited to nitrification in the prevailing
oxygenated environment in mine water treatment wetlands
(Demim and Dudeney 2003). In any case, wetland macro-
phytes show high organic pollutant assimilation and removal
capacities that may additionally improve mine water quality
(Tanner 1996). Synergetic cotreatment of mine- and waste-
water in constructed wetlands is also increasingly tested
worldwide (Makhathini et al. 2020).

In summary, noteworthy (ecological) effects, amenity
value, ecosystem services, and secondary benefits of wetland
macrophytes, although not directly contributing to metal
removal, are of considerable and increasing importance to
stakeholder management, approval procedures, and environ-
mental impact assessments. Respective environmental and
ecological aspects as well as landscape diversity should not
be underestimated, particularly in post-mining landscapes.
Environmental benefits and ecological value are expected to
increase with long-term operation and concomitant wetland
maturation (Kadlec et al. 2000; Stark et al. 1988). Therefore,
ecological development of constructed wetlands should be
given due consideration during the technical planning stage
and approval procedure.

Drawbacks and Limitations
Biochemical Problems

From a biogeochemical perspective, continuous decom-
position of plant litter in wetlands increases dissolved and
particulate organic carbon in the water (Noller et al. 2003).
Ensuing metabolic, photolytic, or autoxidative decomposi-
tion result in oxygen consumption throughout the water col-
umn. In extreme cases, this may lead to oxygen depletion,
not only along the flow path, but also towards the sediment
surface, and even reducing conditions within the substrate
or directly above the sediment—water interface. Especially
at low flow velocities or (temporally) stagnant conditions,
intensive NOM generation and concomitant decomposition
can substantially decrease both dissolved oxygen and redox
potential (Kirby et al. 1999; Pedescoll et al. 2015). This is
not to be underestimated, particularly during the growing
season, as illustrated in Fig. 4 for the exemplifying pilot
system where, in contrast to the settling pond, oxygen satu-
ration in the wetland dropped below 50% in summer when
NOM generation was highest and oxygen solubility lowest.

This may lead to retarded ferrous iron oxidation in the water
and even ferric iron reduction in the sediment, the latter tem-
porarily remobilising iron. This spatially and temporally
increase in iron redox cycle complexity may potentially
affect overall treatment performance (Johnson and Hallberg
2002), although no corresponding observations of signifi-
cantly compromised treatment performance are reported.

Seasonal Variability

It is important to note that most macrophyte-related effects
are subject to considerable variability, mostly due to sea-
sonal, hydraulic, and stochastic fluctuations in wetland envi-
ronments (Johnson and Hallberg 2002; Kadlec et al. 2000).
First and foremost, plants directly participate in material
cycles in their immediate environment through photorespi-
ration, i.e., photosynthesis during the day and cellular res-
piration during the night, with the overall O,—~CO, budget
benefitting oxygen production. Unlike terrestrial plants,
hydrophytes not only affect gas equilibria in the atmosphere
but also in the surrounding aqueous environment. Mine
discharges are often suboxic and oversaturated with CO,,
the latter lowering the pH of the water. This directly and
substantially affects metal oxidation reaction kinetics, with
oxidation rates declining with a decrease in dissolved oxygen
and/or pH (Geroni et al. 2012). During the day, wetland mac-
rophytes vertically transport oxygen through the aerenchyma
to the roots and thus into the water column and sediment
(Armstrong et al. 1992; Brix et al. 1992). Concomitantly,
dissolved CO, or bicarbonate diffuse into the plant, promot-
ing photosynthesis:

6 HCO; + 6 H,0 — CH,0g+ 60H™ + 60, (2

This uptake of dissolved inorganic carbon accelerates
CO,-stripping in respectively oversaturated mine waters
and thus increases or stabilises the pH, which in turn is one
of the determining factors in most biogeochemical redox
cycles. In the circumneutral range, an increase by up to one
pH-unit thorough CO,-stripping was reported by Geroni
et al. (2012) and Opitz et al. (2019), which may increase
iron oxidation 100-fold (Dempsey et al. 2001). However,
while the pH increase would have a positive impact on fer-
rous iron oxidation, wetlands may display considerable pH
fluctuation in either direction due to uptake of dissolved
inorganic carbon by algae and macrophytes as well as the
release of organic acids, as illustrated for the exemplify-
ing pilot system in Fig. 3. Overall, biological processes in
the wetland resulted in a lower median pH (about 0.5 units)
compared to the preceding settling pond that only featured
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natural CO,-degassing, especially during spring and sum-
mer (Fig. 3c).

Common wetland macrophytes can transfer to and radi-
ally release up to several hundred mg/m?/h of oxygen from
the rhizomes (Brix and Schierup 1990; Watson et al. 1989).
Reversal of the process during the night results in diurnal
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oxygen cycles with maxima early in the afternoon and min-
ima during the night, further amplified by microbial oxygen
consumption upon NOM decomposition and temperature-
dependence of oxygen solubility (Dempsey et al. 2001).
Since only the latter is relevant in settling ponds, the dis-
solved oxygen amplitude is, again, considerably larger in
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wetlands compared to settling ponds as illustrated for the
exemplifying pilot system in Fig. 4a. Diurnal fluctuation of
dissolved oxygen in wetlands is exceptionally pronounced
during algae blooms with amplitudes easily between 50 and
110% saturation (Fig. 4b) and still noticeable after full emer-
gence of herbaceous macrophytes, yet negligible in winter
(Fig. 4c¢). In contrast, settling ponds are expected to display
relatively stable and high oxygen saturation throughout the
year unless oxygen is consumed by ferrous iron oxidation.
Altogether, increased oxygen solubility with decreasing tem-
perature results in lower oxygen concentrations in summer
and in the night and higher oxygen concentrations in winter
at daytime for both settling ponds and wetlands, yet this is
considerably pronounced in wetlands during the vegetation
period (Gu et al. 2006). With homogeneous ferrous iron oxi-
dation showing first-order dependency on oxygen concentra-
tion and inversely second-order dependency on proton activ-
ity, a shift in dissolved oxygen and/or pH inevitably affects
oxidation rates and thus treatment efficiency (Dempsey et al.
2001; Hustwit et al. 1992).

Total suspended solids (TSS) content in wetland out-
flows can also display considerable seasonal patterns, with
increased effluent TSS during the growing season due to
generation of particulate NOM by vegetation growth and
decay (Kadlec et al. 2000). Regarding mine water treatment
wetlands, it is important to note that increased effluent TSS
in summer predominantly concerns wetland-derived par-
ticulate matter (i.e., the “natural background”; Gearheart
1992), whereas effluent suspended hydrous ferric oxides
are expected to decrease with vegetation development (fil-
tration) and NOM generation during the growing season
(scavenging) and increase with vegetation dieback in winter
(Opitz et al. 2020). Moreover, Braskerud (2001) found that
the effect of wetland vegetation on hydraulic efficiency was
linked to seasonal vegetation development, increasing during
the summer und decreasing during winter, with hydraulic
efficiencies of 0.86 and 0.78, respectively.

Altogether, ecological and thus macrophyte-related fluc-
tuations in hydrochemical parameters such as pH, dissolved
oxygen, and TSS, as well as temperature (see Fig. 2) have
both positive and negative effects on metal removal mecha-
nisms and kinetics. Therefore, wetland performance evalua-
tion is usually recommended on an averaged time span basis
(several seasons or years) rather than on individual measured
values to accommodate natural fluctuations in open systems
(Kadlec et al. 2000). In contrast to surface-flow wastewater
treatment wetlands, mine water treatment wetlands usually
display less performance fluctuation due to ecological or
seasonal variability, with physico-chemical iron and TSS
removal only moderately affected by environmental varia-
tions (Gu et al. 2006; Hedin 2008). Rather, treatment effi-
ciency is more often affected by stochastic fluctuations as
well as distinct variations in consequence of inconsistent

hydraulic loading or retention time (Opitz et al. 2020; Stark
et al. 1994). The effect of environmental and especially
gas transfer effects on passive system performance may be
reduced by ensuring thorough aeration at the inlet of (and
potentially between) ponds (Cravotta 2007, 2015; Geroni
et al. 2012).

Technical Difficulties

With treatment efficiency governed by wetland macrophytes,
there are nevertheless drawbacks of near-natural wetlands
compared to settling ponds. Although wetlands are consid-
ered a low-cost and low-maintenance technology, regular
service is required to maintain ecological as well as biogeo-
chemical and hydraulic integrity (Hedin 2020). First and
foremost, wetlands require maintenance to prevent deterio-
ration of hydraulic performance as the carefully engineered
conditions that facilitate initial macrophyte establishment
degrade over time. The most frequent problems include
plugging, silting up, and hydrosere due to accumulating
plant litter, detritus, and ochre. Receding plant cover may
lead to laterally fringing vegetation with increased flow
velocity through the unvegetated middle (‘“short-circuiting”;
Jenkins and Greenway 2005; Persson et al. 1999). Detrimen-
tal conditions or pest infestation may lead to deterioration of
vegetation structure and habitat value or altogether perish-
ing of (monocultural) vegetation, warranting accompany-
ing landscape preservation measures (Brodie 1991; Snoddy
et al. 1989; Thullen et al. 2005).

It was also noted at several sites that newly constructed
wetlands require up to three vegetation cycles for full matu-
ration, which was mostly attributed to progressive devel-
opment and coverage of plant communities (Fennessy and
Mitsch 1989; Stark et al. 1988; Wildemann et al. 1993),
but likely also applies to bacterial communities (Samsé and
Garcia 2013). If regulatory standards must be met from day
one, it may prove necessary to either oversize the system, as
recommended by Wildemann et al. (1993) or to (transition-
ally) install an additional sediment filter for effluent pol-
ishing, as successfully demonstrated by Opitz et al. (2019,
2020).

Waste Disposal

In surface-flow wetlands, a substrate depth of about 0.3 m
is usually sufficient for macrophyte roots to find stable
grounding, although the root zone may naturally extend
much deeper, and to support hydrophytic plant life (Kadlec
and Wallace 2009; Laine and Jarvis 2003). Accretion of
metal (hydr)oxides and plant litter on top of the rooting
soil results in an accruing sediment. Most organic residues
(e.g., cellulose, hemicellulose) are readily biodegradable and
thus decomposed and overturned rapidly, especially during
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elevated summer temperatures (Alvarez and Bécares 2006;
Chimney and Pietro 2006). However, Alvarez and Bécares
(2006) estimated that only approximately two thirds of T.
latifolia detritus decomposes within the first year, with per-
sistent structural polymers such as lignin remaining. Con-
sequently, sediment accumulation in wetlands is faster and
characterised by a more heterogeneous composition than
settling ponds. In the long run, this may ultimately result in
sediment build-up and hydrosere, necessitating excavation
and refurbishment of the constructed wetland.

Generally, settling ponds are designed to retain the bulk of
ochre solids and thus require more frequent sludge removal
than wetlands (Nuttal 2003). The accumulating sediment
in settling ponds predominantly consists of hydrous ferric
oxides, with some allochthonous (e.g., biotic or wind-borne)
material (Fig. 5a). The ochreous sludge is easily removed
and dewatered (Dempsey and Jeon 2001), and either dis-
posed of or used for various purposes, subject to compo-
sition (e.g., Hedin 2003; Sapsford et al. 2015). Polishing
wetlands exhibit longer life spans, despite the additional
accumulation of organic matter. Wetland sediments consist
of the original soil substrate, accumulated hydrous ferric
oxides, and a substantial amount of organic matter compris-
ing litter, roots, and detritus in various stages of decomposi-
tion (Fig. 5b) (Kadlec et al. 2000). The heterogeneous mate-
rial is usually unfit for valorisation, and the organic content
complicates or altogether prevents landfill disposal. There is
a longstanding discussion regarding appropriate utilisation
as opposed to disposal of ochreous and organic-rich sub-
strates excavated from mine water treatment wetlands that is
ultimately governed by the applicable legal framework. Even
if contamination of the mine water and thus the sediment is
basically limited to Fe, Al, and Mn, the material may still
be technically classified as waste material and thus require
complex screening and permission procedures as well as
pre-treatment (i.e., oxidation and stabilisation) for reuse in

Fig.5 Photos of a sun-dried ochre in a settling pond and b profile of
a drained surface-flow reed wetland from the pilot system described
in Opitz et al. (2019)
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the environment as, for instance, soil amendment or top-
soil. Furthermore, wetlands may require a little more routine
effort for maintenance of optimal hydraulic, ecological, and
technical conditions (e.g., prevention of clogging or silting
up, pest prevention) and refurbishment, the latter requiring
the removal of rhizomes prior to sludge removal for reuse
after replenishing of the substrate layer.

Discussion

Designing and planning of passive systems, particularly at
legacy or socialised mine sites, is often inevitably guided by
economic considerations and land area availability. Obvi-
ously, iron removal in unvegetated settling ponds is mostly
limited to chemical oxidation of dissolved ferrous iron and
physical sedimentation of settleable hydrous ferric oxides,
whereas colloidal hydrous ferric oxides often break through
settling ponds due to their low settling velocities. In contrast,
this review clearly shows that vegetated surface-flow wet-
lands are in many ways more effective for iron removal due
to a variety of auxiliary processes and effects. Most impor-
tantly, macrophyte-related filtration, in combination with
physico-chemical, biogeochemical, and hydraulic effects,
are indispensable for not only removal of settleable hydrous
ferric oxides, but also polishing of residual dissolved ferrous
iron and ferric colloids where mere gravitational sedimen-
tation would require several days. The effective removal of
residual iron is of major importance to reliably meet (strict)
regulatory standards.

However, it is important to note that the macrophyte-related
advantage in treatment performance goes hand in hand with
additional effort and expenditure in operation, maintenance,
cleanout, and restoration (Kadlec et al. 2000). Accordingly,
overloading of wetlands will rapidly smother and clog mac-
rophyte stands, resulting in declining treatment efficiency and
shorter restoration cycles. This trade-off led to the current state
of the art, where settling ponds and wetlands are serially con-
nected in composite passive systems for pre-treatment of the
bulk iron loading and polishing of residual iron, respectively,
as outlined in Table 1 (Hedin et al. 1994). This way, both over-
all system performance and efficiency are increased, whilst
protecting wetlands from overloading.

Unfortunately, quantitative target criteria recommenda-
tions, especially for pre-treatment, are limited to rather
rough approximations, for instance aiming at 50-70%
iron removal in upstream settling ponds (Dey et al. 2003;
Parker 2003). A 50% reduction of a highly ferruginous
inflow may, however, still result in wetland overloading,
especially if the wetland receives high concentrations of
ferrous iron. Similar problems may be observed for the
long-established area-adjusted iron removal concept for
neutral or alkaline mine water outlined by Hedin et al.



Mine Water and the Environment (2021) 40:587-605

599

Table 1 Juxtaposition of core advantages and disadvantages of settling ponds and wetlands for iron removal

Iron removal process Settling ponds

Wetlands

Ferrous iron oxidation +Good oxygen transfer

+ Ample residence time

+ Plentiful dispersed catalytic surfaces

+ Warm summer temperatures

+ Mixing and turbulence (wind, buoyancy, etc.)
+ Effective CO, degassing

— Poor hydraulic efficiency

— Cold winter temperatures

Removal of hydrous ferric oxides + Gravitational settling

+ Intensive (homo)aggregation
+ Large sludge storage capacity

+ Ample residence time
— Mixing and turbulence
— Potential re-suspension

— Poor hydraulic efficiency

Primary field of application

Broad ferrous iron oxidation and aggregation-based sedi-
mentation of the bulk loading

+ Catalytic plant surfaces

+ Growth surfaces for bacteria

+ Hydraulic efficiency

+ Vertical oxygen transport by plants
— Decompositional oxygen depletion
— pH amplitude

— Little mixing

— Diurnal and seasonal variability

+ Gravitational settling

+ Filtration by dense vegetation

+ Heteroaggregation

+ Scavenging by organic matter

+ Quiescent body of water

+ Hydraulic efficiency

— Small sludge storage capacity

Effective removal of both dissolved
and suspended residual iron

(1994). Both percentage- and area-adjusted removal con-
cepts are, according to the principles of mass action, con-
centration-independent (i.e., linear) approaches and thus
tend to under- and overestimate iron removal at high and
low iron loadings, respectively (Hedin et al. 1994; Hedin
2008). Thus, current engineering guidelines fail to provide
an adequate quantitative basis for customised design and
sizing of settling ponds for pre-treatment and wetlands
for polishing (Sapsford and Watson 2011). To optimally
exploit the respective advantages of both treatment units
and thus minimise the areal footprint and overhead of
composite passive systems, it will be necessary to develop
a better quantitative understanding of the concentration-
dependent relationships between pond size (or hydraulic
retention time) and iron removal kinetics.

Summary

Positive effects of macrophytes on passive mine water treat-
ment are mostly attributable to a variety of (interrelated)
processes and factors conglomerated in the wetland-specific
aquatic and benthic environment (Fig. 6). The main conclu-
sion of this review is that the contribution of macrophytes to
water quality in general and iron/metal removal from mine
drainage in particular becomes especially important for low
or residual iron concentrations due to a number of mecha-
nisms and effects that are intrinsic to wetland environments
and do not occur in bare settling ponds:

¢ Enhanced biogeochemical oxidation and precipitation of
hydrolysable metals due to catalytic reactions and bacte-
rial activity on immersed macrophyte surfaces;

e Physical filtration of colloidal hydrous ferric oxides
that are unlikely to gravitationally settle within a given
retention time by dense wetland vegetation;

e Scavenging and heteroaggregation of dissolved and col-
loidal iron, respectively, by plant-derived NOM;

e Improved hydrodynamics and hydraulic efficiency of
vegetated treatment ponds, considerably augmenting
retention and exposure time.
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While this review provides an extensive qualitative
overview of macrophyte-related effects on passive mine
water treatment, we emphasise that quantification of, for
a start, the individual effects described above, but princi-
pally the overall contribution of macrophytes specifically
to metal/iron removal is limited to complex, predominantly
site-specific, and thus untransferable model approaches.
One of the main reasons is the unknown number and
magnitude as well as the variability of vegetation-related
influencing factors (Brisson and Chazarenc 2009; Kuehn
and Moore 1995). Comparative studies of settling ponds
and especially wetlands showed that performance may be
similar under comparable conditions yet may vary consid-
erably due to primary influencing factors, such as contami-
nant loading or retention time, and potential secondary
(i.e., ecological) factors such as plant species, density, and
development as well as seasonal patterns, and water and
substrate depth. Although the literature provides various
approaches to estimate macrophyte effects on the removal
of particulate matter (especially clastic sediments and
other natural particles) in wetlands and small lotic sys-
tems, little of this data is easily transferable to other cases,
much less usable or applicable for actually designing or
sizing constructed mine water treatment wetlands. Never-
theless, as both Pluntke and Kozerski (2003) and Saiers
et al. (2003) found the suspended concentration of micro-
metre particles and submicron colloids, respectively, to be
the most likely determining factor for macrophyte-related
particle retention under similar hydrodynamic conditions,
we speculate that a way forward may be the systematic
empirical or model-based determination of simplified iron
removal relationships or rates. At the very least, a roughly
estimated “filtration-factor” for wetlands compared with or
relative to settling ponds would help to more specifically
deploy either component in composite passive systems.

Well-designed and -maintained, fully mature con-
structed wetlands continually and reliably achieve iron
removal rates > 90%, little short of conventional, chemi-
cal treatment plants. Nevertheless, this study shows that
the choice between and optimal sizing of settling ponds
and wetlands in a composite passive system must con-
sider the intrinsic advantages and limitations of the two
components. Optimal system design requires an elaborate
concept that duly considers economic, ecologic, and legal
aspects. A much better knowledge of iron/metal removal
kinetics in surface-flow mine water treatment systems
would facilitate optimised apportionment and consequen-
tial specific sizing of the two treatment stages, for instance
settling ponds and wetlands deliberately designed to first
lower iron concentration to = 5—10 mg/L and then below
the site-specific legal limit (polishing).
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