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wetlands and sediment filters displayed similar 
discrete treatment efficiency (≈73% each) relative 
to settling ponds and thus proved indispensable to 
reliably meet regulatory requirements. Moreover, 
the wetlands were found to additionally stimulate 
and enhance biogeochemical processes that facili-
tated effective removal of secondary contaminants 
such as Mn and  NH4. The sediment filters were 
found to reliably polish particulate and redox-sen-
sitive compounds (Fe, As, Mn,  NH4, TSS) whilst 
concomitantly mitigating natural spatiotemporal 
fluctuations that inevitably arise in open systems. 
Both treatment performance and operational reli-
ability of the multistage pilot system were com-
parable to the conventional treatment plant cur-
rently operated on site. Altogether the study fully 
confirmed suitability of the multistage passive 
setup as a long-term alternative for seepage water 
treatment on site and provided new insights into 
the performance and interrelation of consecutive 
treatment stages. Most importantly, it was demon-
strated that strategically combining increasingly 
efficient components may be used for optimisa-
tion of treatment performance and operational 
reliability whilst providing an opportunity to min-
imise land consumption and overall costs.

Keywords Constructed wetland · Settling pond · 
Iron removal · Manganese removal · Nitrification

Abstract A three-stage pilot system was imple-
mented for passive treatment of circumneutral, 
ferruginous seepage water at a former opencast 
lignite mine in southeast Germany. The pilot sys-
tem consisted of consecutive, increasingly effi-
cient treatment stages with settling ponds for pre-
treatment, surface-flow wetlands for polishing 
and sediment filters for purification. The overall 
objective of the multistage approach was to dem-
onstrate applicability and operational reliability 
for successive removal of iron as the primary con-
taminant broadly following Pareto’s principle in 
due consideration of the strict site-specific efflu-
ent limit of 1  mg/L. Average inflow total iron 
concentration was 8.4(± 2.4) mg/L, and efflu-
ent concentration averaged 0.21(± 0.07) mg/L. 
The bulk iron load (≈69%) was retained in set-
tling ponds, thus effectively protecting wetlands 
and sediment filter from overloading. In turn, 
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1 Introduction

Passive treatment is a rapidly spreading, eco-techno-
logical approach for the removal of various organic 
and inorganic contaminants from wastewaters through 
exploitation and amplification of natural biogeochem-
ical and physical processes (Kadlec & Wallace, 2009; 
Vymazal, 2014). In the mining industry, passive 
technologies are increasingly used for economic and 
resource-conserving treatment of acidic and/or metal-
liferous mine water (e.g. Hedin et al., 1994; Skousen 
et al., 2017; Younger, 2000a). This study is focussed 
on aerobic surface-flow systems that are commonly 
used for passive removal of hydrolysable metals (Fe, 
Al, Mn) from circumneutral, primarily ferruginous 
mine water (Sapsford, 2013; Wildemann et al., 1993). 
Aerobic systems predominantly include classic water 
treatment components such as aeration cascades, set-
tling ponds, surface-flow wetlands and oxic sediment 
filters or leach beds where contaminant removal and 
water quality improvement are governed by naturally 
occurring physical and biogeochemical processes 
(Skousen et al., 2017).

Trivalent Fe and Al readily precipitate at circum-
neutral pH, forming particulate (oxy)hydroxides 
(Stumm & Morgan, 1996) that are subsequently 
removed through gravitational sedimentation and/
or filtration in settling ponds and wetlands, respec-
tively (Hedin, 2008). In contrast, Mn(II) oxida-
tion and Mn(III/IV) precipitation in aerobic passive 
systems are relatively low unless ameliorated in a 
favourable environment that promotes distribution of 
Mn-oxidising bacteria and concomitant formation of  
(auto)catalytic surfaces (e.g. Luan et al., 2012; Necu-
lita & Rosa, 2019; Tan et al., 2010; Tebo et al., 2004). 
Therefore, Mn removal from mine water is commonly 
promoted in limestone drains/beds (e.g. Christenson 
et al., 2019; Silva et al., 2010) or low-flow wetlands, 
the latter potentially amended with organic or lime-
stone-based substrates (e.g. Batty et  al., 2008; Hall-
berg & Johnson, 2005; Stark et  al., 1996). Removal 
of additional mining-associated metal(loid)s (e.g. As, 
Cd, Cu, Ni, Pb, Zn) is frequently observed in aerobic 
passive systems, although it is important to note that 
this is predominantly attributable to either adsorption 
and complexation in wetland substrates (Opitz et al., 
2021; Sobolewski, 1999) or to the omnipresence of 
Fe/Al/Mn (oxyhydr)oxides through scavenging, (ad)
sorption or co-precipitation (Burrows et  al., 2017; 

Schaider et  al., 2014; Zänker et  al., 2003). Beyond 
that, aerobic passive systems may contribute to bio-
transformation and decomposition of organic and par-
ticularly nitrogen compounds that originate from the 
use of explosives and extraction chemicals (Johnson, 
2015) or as coalification by-products (Chlot et  al., 
2011). Most notably, elevated  NH4 levels in mine 
waters may be mitigated in aerobic passive systems 
through nitrification and assimilation by hydrophytes 
in surface-flow wetlands (Demin et  al., 2002; Etteib 
et  al., 2021; Vymazal, 2013). Surface-flow ponds 
and oxic filter beds further improve basic water qual-
ity criteria such as oxygen concentration, redox-
potential, total suspended solids (TSS) and turbidity 
(García et al., 2003; Kadlec & Wallace, 2009).

Compared to conventional treatment plants, pas-
sive systems are open to environmental influences 
such as wind, precipitation, evapotranspiration, tem-
perature variation and biological activity that una-
voidably result in higher performance fluctuation 
(Kadlec et al., 2000; Mitsch et al., 2012). Such effects 
depend, however, on the nature and magnitude of the 
underlying treatment mechanisms and may thus vary 
between different mine sites and contaminants with, 
for instance, biogeochemical processes more suscep-
tible to seasonal variation compared to physicochemi-
cal processes (Gu et al., 2006; Opitz et al., 2021). At 
worst, seasonal variation of water chemistry, tem-
perature or biomass may even result in re-mobilisa-
tion of contaminants from wetlands as reported by 
Goulet and Pick (2001). Therefore, the planning and 
permission of passive mine water treatment systems 
requires a thorough decision process in due consid-
eration of the expectable treatment efficiency, opera-
tional reliability and environmental impact as well 
as investment and operating costs, land consumption 
and at times secondary factors such as waste disposal, 
site-specific regulatory requirements and ecosystem 
services (Eppink et  al., 2020; Ziemkiewicz et  al., 
2003). The weighing between passive and conven-
tional treatment may be further complicated by high 
or fluctuating pollutant loading, spatial restrictions 
on site, secondary contaminants or site-specific legal 
and other (environmental) requirements (Trumm, 
2010). Whereas hundreds of passive systems were 
implemented particularly in the Anglo-American area 
despite initial scepticism as noted by Kleinmann et al. 
(2021), application of passive technologies for mine 
water treatment in Germany is still in its infancy, 
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which is why both operators and regulators also face 
a lack of successful domestic showcases as well as a 
standardised technical and legal basis of valuation.

This study reports on a three-stage pilot plant that 
was implemented for passive treatment of circum-
neutral, mining-influenced seepage water at a former 
lignite open pit in southeast Germany. As opposed 
to the numerous previous (pilot) studies on passive 
treatment, the novel pilot system in this study was 
designed with three consecutive, increasingly effi-
cient treatment stages to increase overall treatment 
performance and operational reliability. The main 
objectives of the pilot plant were to (1) demonstrate 
operational reliability for passive treatment in due 
consideration of the strict, site-specific discharge 
limit, (2) assess the multistage setup according to 
efficacy and limitations of the consecutive treatment 
stages and (3) generate a database for well-founded 
upscaling of the pilot plant to full scale. Preliminary 
results were reported for Fe as the primary contami-
nant at the study site, showing effective Fe removal 
in the pilot system (Opitz et  al., 2019). This study 
investigates the interrelationship and individual con-
tribution of the three consecutive treatment stages 
for removal of relevant contaminants over the entire 
452-day study period. To further assess the suitability 
of passive treatment for the study site, the treatment 
performance of the pilot system is ancillary compared 

to the long-term performance of the conventional 
treatment plant currently operated on site. The overall 
objective of this study is to evaluate the conceptual 
multistage approach for optimising operational reli-
ability and performance of passive mine water treat-
ment systems.

2  Study Site

The study site is located near Wackersdorf in the 
former lignite district of Upper Palatinate in south-
east Germany (Fig.  1a). Industrial-scale mining in 
the Wackersdorf area ceased in 1982, and the post-
mining landscape is currently in an advanced stage of 
rehabilitation. Progressing oxidation of sulphide min-
erals in the backfilled pits results in extensive forma-
tion of acid mine drainage (AMD) in the post-mining 
landscape (Evangelou & Zhang, 1995).

The Westfield is an opencast segment in the south-
ern Upper Palatine district (Fig. 1b). Two major lig-
nite seems were mined in the Westfield between 1941 
and 1982, and parts of the pit were concurrently back-
filled with waste rock and ashes from the nearby lig-
nite-fired power plant. In 1984, the northern ≈51.5 ha 
of the Westfield pit were approved as a landfill for 
combustion residues under waste law (Fig.  1c). 
An estimated 3.1 ×  106  m3 bottom and electrostatic 

Fig. 1  Geographic location: (a) Germany’s lignite mining regions, (b) the historic Upper Palatine lignite district and (c) the West-
field project site (modified maps  © BayernAtlas 2021)
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precipitator ash (≈4 ×  106 t) were deposited in the 
Westfield landfill until decommissioning in 2003, still 
leaving a morphological depression behind. Artificial 
dewatering of the Westfield pit/landfill was main-
tained for geohydraulic reasons because it was found 
that groundwater runoff would have affected sur-
rounding aquifer systems and thus threatened regional 
drinking water resources in the long term. There-
fore, seepage water is continually pumped out from 
a “drainage pond” at the lowest point of the former 
pit/landfill for protection of adjacent aquifers, thus 
creating a groundwater drawdown cone that collects 
ground- and seepage water from the surrounding 
mined land.

In 1995, a conventional treatment plant was imple-
mented east of the Westfield site for treatment of the 
ferruginous seepage water. The plant is discontinu-
ously fed from the drainage pond via an intermedi-
ate reservoir, the “RTR3”, that was commissioned in 
2019 (Fig. 1c). Removal of dissolved and particulate 
Fe is achieved in a classical physicochemical reactor 
system through addition of lime slurry for alkalisation 
followed by addition of flocculants, recycled sludge 
and flocculant aids. The treated water is discharged 
to a nearby pit lake. As treatment and discharge of 
seepage water from the decommissioned landfill were 
permitted under (waste)water law rather than mining 
law, a strict site-specific discharge limit for total Fe 
of 1 mg/L was imposed to protect the receiving water.

Groundwater in the mined land surrounding the 
Westfield is heavily affected by AMD, yet the seepage 
water leaking in the drainage pond is circumneutral 

due to the predominantly alkalising character of 
deposited ashes. The seepage water is mineralised 
and contaminated with both mining- and ash-typical 
substances such as Fe, Mn,  SO4, Cl and alkali(ne) 
earth metals (Table 1). Concentrations of metal(loid)s  
other than Fe or Mn are low despite considerable 
mobility in the surrounding mined land, which is 
attributable to the high sorption capacity of the elec-
trostatic precipitator ashes (Mishra & Tripathi, 2008) 
and to the circumneutral character of the seepage 
water where solubility of most metals is low (Stumm 
& Morgan, 1996). Seepage water pumped to the con-
ventional treatment plant is thoroughly oxygenated 
due to the temporary impoundment in drainage pond 
and RTR3, which is why Fe levels in the raw water 
are relatively low (Opitz et al., 2020). Temporal fluc-
tuations in seepage water chemistry are attributable 
to the varying mixing ratio of seepage water, rainwa-
ter and surface runoff in drainage pond and RTR3 in 
consequence of the discontinuous pump operation. 
Overall, the (geo)technical, hydrogeological and reg-
ulatory setup of the Westfield legacy may be unique, 
especially regarding the artificial water management 
system.

3  Materials and Methods

3.1  Setup of the Westfield Pilot Plant

The Westfield pilot plant was implemented in 2017 
next to the conventional treatment plant (Fig. 1c). The 

Table 1  Raw water 
chemistry of the 
conventional Westfield 
treatment plant 2011-
2021(n = 128)

1  Fe decreased after commissioning of the RTR3 in 2019 owing to intrinsic sedimentation
2  Cl steadily dropped from 250-350 in 2011 to 100-150 mg/L since 2018

Parameter Lower to upper quartiles

EC [mS/cm] 2.7–3.0
pH [-] 7.2–7.5
Fe1 [mg/L] 5.0–12.0
Al [mg/L] 0.1–0.3
Mn [mg/L] 1.2–1.4
Cl2 [mg/L] 140–245
SO4 [mg/L] 1639–1960
Mg [mg/L] 88–113
Ca [mg/L] 554–603
Na [mg/L] 127–157
K [mg/L] 62–72
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conceptual approach for passive treatment of the min-
ing-influenced seepage water in due consideration of 
the strict discharge permit criteria was a three-stage 
system (Fig.  2) for progressing Fe removal broadly 
following Pareto’s principle:

1. Pre-treatment in settling ponds
2. Polishing in surface-flow wetlands
3. Purification in sediment filters

The innovative pilot plant was implemented 
with three parallel lines. As opposed to most multi-
line (pilot) systems that were installed to test dif-
ferent materials or setups (e.g. Cravotta & Trahan, 
1999; García et  al., 2004; Nyquist & Greger, 2009;  
Whitehead & Prior, 2005), the trifurcated Westfield 
pilot plant was designed with three identical, parallel 
lines to generate hydraulic and hydrochemical com-
parison datasets for investigation of treatment perfor-
mance, kinetic relationships and critical influencing 
factors as a basis for upscaling (Opitz et al., 2019).

A large roll-off container (7.0 × 2.35 × 2.25  m) 
precedes the pilot plant as a distribution “reservoir” 
that is (discontinuously) filled from the feeding 
pipe of the conventional plant. Lower roll-off con-
tainers (7.0 × 2.35 × 1.25  m) were utilised as set-
tling ponds and wetlands, with all steel containers 
embedded into the ground for isolation. The wet-
land containers received a sandy ≈0.3-m substrate 
layer and were planted with common reed. Lastly, 

three parallel trenches with approximatively semi-
ellipsoidal cross section (ca. 4.0 × 0.5 × 0.25  m) 
were sealed with a plastic liner and filled with gran-
ite gravel (8–16  mm) as sediment filters (Fig.  2a). 
A total of ten monitoring points (MP01–MP10) 
for installation of fixed sensors and sampling taps 
were incorporated into the pipework system in 
four protected concrete manholes in between treat-
ment stages. The outflow of one component cor-
responds to the inflow of the subsequent one, with 
MP01 representing the overall system inflow from 
the reservoir to the three parallel settling ponds, 
MP02–MP04 representing settling pond outflows 
and wetland inflows, MP05–MP07 representing 
wetland outflows and sediment filter inflows and 
MP08–MP10 representing sediment filter outflows 
and thus system effluent (Fig. 2b).

3.2  Pilot Plant Operation and Hydraulics

The first months of operation in 2017/2018 were used 
for vegetational development in wetlands and as a test 
phase. Following this, the main 452-day study period 
(July 2018 to December 2019) was commenced 
where hydraulic loading of the three system lines 
was varied in four 113-day monitoring periods with 
a short maintenance break in the summer of 2019. 
Flow rates in the three system lines were set between 
100 and 500 L/h each to investigate treatment perfor-
mance as a function of hydraulic loading.

Fig. 2  Pilot plant setup: (a) 3D-illustration (without terrain) and (b) schematic
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The overall flow rate in the pilot plant was gov-
erned by the filling level of the gravitationally drained 
reservoir, which was in turn discontinuously filled 
during operation of the conventional plant on site. At 
normal operation, the reservoir allowed operation of 
the pilot system at ≈800 L/h (lower to upper quartiles 
746–851 L/h). During weekends, progressing empty-
ing of the reservoir resulted in considerable flow fluc-
tuations in at least one of the three system lines with 
temporary drops in the overall flow rate as low as 400 
L/h.

According to the hydraulic monitoring of the 
drainage pond, the overall water yield after sealing 
and rehabilitation of the Westfield landfill is esti-
mated in the order of 175,000–200,000  m3/a. Accord-
ingly, the Westfield pilot plant continuously treated 
up to 4% of the overall (seepage) water yield, under-
lining the scale of the Westfield legacy.

3.3  Hydrochemical Monitoring

A multiparameter monitoring system (WTW IQ Sen-
sor Net) was installed at the Westfield pilot plant for 
continuous logging of basic hydrochemical param-
eters at a 30-min interval. All monitoring points 
were equipped with turbidity sensors. Additionally, 
the central line and wetland outflows (MP01, MP03, 
MP05-MP07, MP09) were equipped with tempera-
ture, electrical conductivity, pH and dissolved oxy-
gen sensors (Fig.  2b). The fixed sensors were dou-
blechecked weekly and further complemented by 
redox potential measurements with hand-held metres 
(WTW Multi 3530).

Water samples for multiparameter analysis were col-
lected weekly at all monitoring points. One sample was 
immediately filtered (0.45 µm) and stabilised with 150 
µL of 3.6% HCl for cation analysis via ICP-OES (Al, 
Ba, Ca, Cr, Cu, K, Mg, Na, Ni, Pb, V, Zn) and trace 
analysis via graphite tube AAS for Mn (weekly) and As 
(monthly). A second sample was collected and imme-
diately frozen for (an)ion analysis via ion chromatog-
raphy (Br, Cl, F,  NO2,  NO3,  PO4,  SO4) and photometry 
 (NH4,  PO4,  SO4). A third sample was collected for total 
organic and inorganic carbon (TOC, TIC) measure-
ments. Samples for analysis of Fe as the primary con-
taminant were collected twice weekly at all monitoring 
points and subjected to spectrophotometric analysis of 

dissolved ferrous and ferric as well as particulate and 
total Fe as described by Matthies et  al. (2012) and 
Opitz et  al. (2020). Acidity was calculated from ana-
lytical results and corrected for  CO2 using PHREEQC 
broadly following Kirby and Cravotta (2005). After the 
initial test period, the analytical scope was considerably 
reduced as several parameters (especially metals) were 
consistently close to or below detection limit as already 
established by the long-term seepage water monitor-
ing. Furthermore, TSS monitoring was substituted by 
daily averaged, in situ turbidity monitoring as an indi-
rect, yet higher resolution measurand of suspended 
solids (Pfannkuche & Schmidt, 2003) because TSS in 
sediment filter outflows was invariably below detection 
limit. All chemicals used for stabilisation, analytics and 
standards were analytical grade.

For comparison of the consecutive treatment stages 
of the trifurcated pilot system, substance concentrations 
along the three system lines (C1 to C3) are weight pro-
portional to the respective flow rate (Q1 to Q3) to calcu-
late a median concentration (Cm):

Rough mass balance estimates are based on the 
respective sampling intervals noted above. Mass load-
ing (ml) is calculated from concentrations and flow rates 
of the three system lines multiplied with the respective 
time interval around the sampling event (ts) over the 
entire study period (t).

The average (daily) loading (L) is calculated by 
dividing the mass loading (ml) by the length of the 
respective study period (ti):

Hydrochemical monitoring data from the conven-
tional treatment plant operated at the Westfield site 
was provided by courtesy of the plant operator. The 
database comprised monthly chemical analyses of 
raw and treated water (inflow/outflow) since the last 
major restoration of the conventional treatment plant 
in 2010.

(1)Cm =

∑3

i=1
(Qi × Ci)

∑3

i=1
Qi

(2)ml =
∑t

0
ts ×

∑3

i=1
(Ci × Qi)

(3)L =
ml

ti
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4  Results and Discussion

4.1  Hydrochemistry

In a first step, the extensive dataset collected from the 
Westfield pilot plant over the 452-day study period 
was used to categorise basic parameters and chemi-
cal species by their overall change from inflow to out-
flow. Four distinct categories were identified by eval-
uating flow-weighed medians irrespective of minor 
spatiotemporal variations: Firstly, easily soluble com-
pounds (Br, Ca, Cl, F, K, Mg, Na,  SO4) and electri-
cal conductivity displayed a conservative behaviour 
with overall changes < 5%. Besides quality control, 
this also shows that external effects such as dilution 
by rainwater or evapoconcentration are negligible 
for the aggregated datasets. Secondly, several com-
pounds (Fe, As, Mn,  NH4, TSS/turbidity) displayed a 
substantial decrease in concentration ≥ 25%, whereas 
thirdly, a major increase was only observed for  NO3 
and redox potential. Fourthly, minor removal or 
increase in the order of 5–25% was observed for TOC 
and TIC as well as acidity, oxygen saturation and pH. 
As noted above, most metals (Al, Cr, Cu, Ni, Pb, V, 
Zn) are negligible in the seepage water.

In a second step, the development of relevant 
parameters and especially contaminants was further 
analysed. Beyond the mere change in overall concen-
tration, the comprehensive individual monitoring of 
consecutive treatment stages allowed identification of 
specific patterns and trends as well as clear assignment 
of overall (i.e. for the entire system) and discrete (i.e. 
for individual stages) treatment efficiency for relevant 
contaminants (Fe, As, Mn,  NH4,  NO3, turbidity).

First and foremost, similar removal patterns for 
Fe, turbidity and As on the one hand and Mn,  NH4 
and  NO3 (inverse) on the other hand are clearly dis-
cernible in Fig. 3 as indicated by concave and convex 
arrows, respectively, and as further detailed below. 
The development of basic hydrochemical parameters 
from the first and fourth category is displayed in 
Fig. S1 with selected trends particularly in wetlands 
briefly outlined in the following, predominantly based 
on lower and upper quartiles to take account of natu-
ral and stochastic fluctuations in the open system. For 
instance, dissolved oxygen was close to saturation 
in the open system with a notable drop from settling 
ponds (94–101%) to wetlands (67–82%) and little fur-
ther change in sediment filters. Correspondingly, the 
redox potential slightly decreased from 102–174 in 

Fig. 3  Development of relevant contaminants in the Westfield pilot plant through the study period as median concentrations (Cm) 
with number of samples per boxplot in brackets and arrows indicating removal progression
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settling ponds to 88–140  mV in wetlands—yet con-
sistently increased to 179–222 mV in sediment filters. 
TOC increased in settling ponds and especially wet-
lands by 10–15%, each. This increase, albeit at a rela-
tively low TOC level of 0.6–1.1 mg/L, is in accord-
ance with visual observation of organic residues and 
biofilms attached to pipework and sensors at wetland 
outflows (MP05–MP07). However, TOC decreased 
again in sediment filters, resulting in a moderate over-
all TOC increase (median 15%) throughout the pilot 
plant. Overall, the monitoring indicated the onset of 
microbial and/or oxidation processes in wetlands that 
continued in sediment filters, with the latter effec-
tively removing redox-sensitive and wetland-derived 
organic compounds, presumably through filtration, 
attachment and mineralisation in the filter matrix 
(Garciá et al., 2003).

Additionally, several temporal environmental and 
ecological patterns were identified through the high-
resolution in situ monitoring of basic hydrochemical 
parameters. For instance, spring blooms of floating 
and epiphytic algae in wetlands caused a diurnal cycle 
in oxygen concentration with a sharp increase during 
the day (up to 14 mg/L) that was reversed after sunset 
(as low as 4 mg/L). Concomitantly, the photorespira-
tory cycle of algae and macrophytes caused a diurnal 
pH amplitude in wetlands (up to one pH unit). Both 
amplitudes were, again, mitigated in sediment filters 

and rapidly declined after emergence of dense, tall-
growing reed stands and concomitant senescence of 
algae, dwindling away over the course of the summer. 
Beyond that, seepage water pH was relatively stable 
throughout the pilot system at 7.4–7.6 with an interim 
peak at 7.8–8.0 in settling ponds. This pH increase is 
attributable to  CO2 degassing as confirmed by a slight 
decrease (≈7%) in TIC and stable  CO2-corrected 
acidity (Fig. S1).

4.2  Contaminant Removal

4.2.1  Iron, Arsenic and TSS/Turbidity

Generally, Fe, As and TSS were predominantly 
retained in settling ponds (63–77%) with little further 
accumulation in wetlands (20–31%) and sediment 
filters (4–6%). However, the discrete treatment effi-
ciency of the three consecutive treatment stages for 
Fe, As and TSS was very similar or even increased 
in wetlands and/or sediment filters even though the 
latter stages received substantially lower loadings. By 
way of example, discrete median removal in settling 
ponds, wetlands and sediment filters was 69, 73 and 
72% for Fe and 62, 82 and 78% for turbidity, respec-
tively (Table  2). Overall, Fe levels decreased from 
an average of 8.4(± 2.4) in the inflow to 0.21(± 0.07) 
mg/L in sediment filter outflows during the study 

Table 2  Transport and removal of relevant contaminants in the Westfield pilot plant through the study period: Concentration 
 development1 and contaminant  removal2

1 Median concentrations with the spread characterised by lower and upper quartiles in brackets.
2 Overall cumulative removal through the system and (as italics in brackets) discrete removal for individual components.

Parameter Inflow (MP01) Settling pond outflows 
(MP02–MP04)

Wetland outflows 
(MP05–MP07)

Sediment filter 
outflows (MP08–
MP10)

Turbidity Conc. [FNU] 73 (55–85) 27 (21–33) 4.9 (3.8–8.1) 1.1 (0.72–1.5)
Removal 0% (0%) 62% (62%) 93% (82%) 99% (78%)

Fe Conc. [mg/L] 8.1 (6.9–9.6) 2.5 (1.8–3.0) 0.69 (0.55–0.93) 0.19 (0.17–0.25)
Removal 0% (0%) 69% (69%) 92% (73%) 98% (72%)

As Conc. [µg/L] 5.8 (4.7–8.9) 1.6 (0.99–2.3) 0.48 (0.10–0.91) 0.27 (0.10–0.64)
Removal 0% (0%) 73% (73%) 92% (69%) 95% (44%)

Mn Conc. [mg/L] 1.5 (1.4–1.7) 1.3 (1.2–1.4) 0.66 (0.29–0.92) 0.11 (0.02–0.43)
Removal 0% (0%) 13% (13%) 56% (49%) 92% (83%)

NH4 Conc. [mg/L] 0.76 (0.66–0.84) 0.61 (0.57–0.69) 0.20 (0.07–0.32) 0.02 (0.01–0.05)
Removal 0% (0%) 20% (20%) 74% (68%) 97% (90%)

NO3 Conc. [mg/L] 1.1 (0.84–1.4) 1.3 (1.1–1.5) 1.5 (1.0–2.4) 2.0 (1.2–3.4)
Removal 0% (0%)  − 21% (− 21%)  − 40% (− 16%)  − 85% (− 32%)
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period. The maximum effluent Fe concentration was 
0.50 mg/L for flow-weighted (n = 120) or 0.67 mg/L 
for individual (n = 360) measurements, respectively, 
and thus well below the site-specific discharge limit 
of 1  mg/L (Fig.  4b). In mining environments, it is 
commonly observed that TSS and turbidity are pre-
dominantly attributable to dispersed hydrous ferric 
oxides that also cause the characteristic ochreous dis-
coloration of ferruginous, circumneutral mine waters. 
This was previously established for the Westfield pilot 
plant where turbidity and (particulate) Fe are closely 
correlated (Opitz et  al., 2020). Accordingly, Fe and 
turbidity show similar removal patterns along the 
consecutive treatment stages, with turbidity decreas-
ing from an average of 69(± 22) FNU in the inflow to 
1.2(± 0.6) FNU in the outflow (Fig. S2).

The trace levels of As detected in the inflow were 
consistently decreased close to or below detection 
limit in sediment filter outflows (Table  2). There 
is good reason to assume that As was largely asso-
ciated (and thus removed) with the hydrous ferric 
oxide phases as commonly reported for As in fer-
ruginous mining environments (Park et  al., 2016). 
This is substantiated by the fact that the median 
Fe:As molar ratios were almost even at approx. 
2000:1 throughout inflow, settling ponds and wet-
lands, eventually decreasing to about 1000:1 in 
sediment filters where Fe and especially As were 
marginally low.

Altogether, the removal of particulate (ferric) sol-
ids and associated compounds such as As through-
out the multistage system was predominantly gov-
erned by physical processes such as sedimentation 
and filtration. This is substantiated by the fact that no 
major seasonal or other spatiotemporal trends were 
discernible over the study period for Fe, turbidity or 

As. Overall, the objective of progressing treatment 
broadly following Pareto’s principle was achieved for 
Fe as the primary contaminant, confirming the appli-
cation potential of passive treatment at the Westfield 
site and providing proof of operational reliability in 
due consideration of the strict regulatory require-
ments (Fig. 4b).

4.2.2  Manganese, Ammonia and Nitrate

As the seepage water pH showed a peak in settling 
ponds at up to pH 8, it may have been expected that 
Mn(II) oxidation rates were highest in settling ponds. 
However, only minor Mn removal in the order of 13% 
was observed in settling ponds (Table 2). In contrast, 
Fig.  5a shows that Mn removal was stimulated in 
wetlands and further soared in sediment filters with 
discrete median removal of 49 and 83%, respectively, 
effectively reducing Mn levels from an average of 
1.5(± 0.3) mg/L in the inflow to < 0.5  mg/L in the 
outflow. There is good reason to assume that Mn(II) 
oxidation and subsequent precipitation in the West-
field pilot plant was catalysed by respective microbial 
communities closely linked with reactive surfaces in 
wetlands and especially in the sediment filter matrix 
(Luan et  al., 2012; Neculita & Rosa, 2019). This is 
substantiated by black Mn(III/IV)-(oxyhydr)oxide 
coatings of plant litter in wetlands, the pipework suc-
ceeding wetland outflows and especially the granite 
gravel in sediment filters (Fig.  S3). Also, the low-
est Mn removal in the Westfield pilot system was 
observed in winter (January 2018 and January 2019). 
Nevertheless, even at low temperatures, Mn removal 
exceeded 50% from inflow to outflow, and no re-
mobilisation or net export of Mn as reported by Gou-
let and Pick (2001) was observed.

Fig. 4  Iron monitoring through the study period with (a) cumulative removal and (b) effluent concentration
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Analogously, only minor  NH4 removal in the order 
of 20% was observed in settling ponds (Fig.  5b). 
Nitrification showed a similar trend as Mn(II) oxi-
dation, soaring in wetlands and further increasing in 
sediment filters with median discrete  NH4 removal 
rates of 68 and 90%, respectively (Table 2). A simple 
correlation analysis highlights that removal of both 
Mn and  NH4 is correlated with temperature in settling 
ponds as would be expected for predominantly phys-
icochemical oxidation. Only moderate correlations 
are found in wetlands where a potential temperature 
effect is likely masked by phytologic, microbial and 

surface-catalytic effects. Overall, wetlands accounted 
for 56% of  NH4 removal, thus highlighting the impor-
tance of the densely vegetated, near-natural environ-
ment for nitrification (Cui et al., 2020). Nitrification 
caused a concomitant increase in  NO3 (median 85%), 
nearly doubling median  NO3 levels from an aver-
age of 1.1(± 0.4) in the inflow to 2.2(± 1.0) mg/L in 
the outflow. However, it is interesting to note that 
 NH4 basically decreased year-round, whereas  NO3 
increase was apparently higher in autumn and win-
ter (approx. September to April) as illustrated in 
Fig. 5b,c. There is reason to assume that  NO3 genera-
tion did not decrease in spring and summer, but rather 
that a nitrogen fraction was fixed in plants, litter and 
sediment as a result of primary production (algae, 
macrophytes) and/or lost to the atmosphere as  N2 as 
a result of denitrification in sediment and substrate 
(Griffiths et al., 2021). The nitrogen mass balance and 
deficit are further explored below.

4.3  Mass Balances

For Fe, the average time interval of the mass balance 
was 3.7 days. Mass loading is estimated at 69 kg over 
the study period with an average loading of 153 g/d. 
About 48 kg were retained in settling ponds, 15 kg in 
wetlands and 5.3 kg in sediment filter, and only 1.8 kg 
(< 3%) were discharged which is in accordance with 
previous estimates (Opitz et  al., 2020). Thus, most 
(69%) Fe was retained in settling ponds as hydrous 
ochre, thereby protecting subsequent treatment stages 
as well as allowing for efficient desludging and poten-
tial valorisation of the relatively pure ochre (Hedin, 
2003).

For As, the average time interval of the mass bal-
ance was 25 days and should thus be treated with cau-
tion. The mass loading is estimated at 55 g over the 
study period with an average loading of 121  mg/d. 
About 38  g were retained in settling ponds, 9.9  g 
in wetlands and 3.2  g in sediment filters, and only 
3.2  g (< 6%) were discharged. For Mn, the average 
time interval of the mass balance was 7.1 days. The 
mass loading is estimated at 13  kg over the study 
period with an average loading of 29 g/d. Only about 
2.1  kg were retained in settling ponds, whereas 5.4 
and 3.6  kg were retained in wetlands and sediment 
filters, respectively. About 1.8  kg (< 14%) were dis-
charged, most of it in winter. The divergence between 
the median removal efficiency in Table  3 and the 

Fig. 5  Monitoring of (a) Mn, (b)  NH4 and (c)  NO3 in the 
Westfield pilot plant through the study period with solid lines 
indicating monthly averages (legend applies to all diagrams)
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mass balance estimates is attributable to the sea-
sonal variation of Mn(II) oxidation rates in sediment 
filters (Table S2) with overall Mn removal ranging 
from > 90% in summer to 60–70% in winter.

A simple nitrogen mass balance was established 
based on  NH4-N and  NO3-N as notable nitrogen 
species in the seepage water with  NO2 largely below 
detection limit (Fig.  6). The overall nitrogen load-
ing is estimated at 495 mol over the study period at 
an average loading of 1.1 mol/d, with an estimated 
overall  NH4-N removal of ≈328  mol and  NO3-N 
generation of ≈151  mol over the study period. 
Most notably, the wetlands showed a substantial 
nitrogen deficit in the order of 144  mol that cor-
relates with the seasonal variation in  NO3 outlined 
above. Investigation of monospecific reed stands by 
Schieferstein (1999) showed that nitrogen assimi-
lation by common reed is highest in early spring, 
whereas nitrogen re-cycling from plant litter and 
detritus may be expected as of late summer. This 
is in accordance with year-round nitrate mobility 
in wetlands of the Westfield pilot system (Fig. 5c), 
which leads us to believe that a sizeable nitrogen 
fraction is assimilated by plants during spring and 
summer, yet partly re-mobilised upon decomposi-
tion and mineralisation of plant litter during autumn 
and winter. This is substantiated by the correlation 
analysis, showing that the seasonal effect induces a 

positive correlation in wetlands as opposed to nega-
tive correlations in settling ponds and sediment fil-
ters (Table S2). Overall, the Westfield pilot system 
showed a net-negative nitrogen budget of ≈178 mol 
(≈36%) over the study period, with allocation of 
the deficit to (temporary) fixation (plants, sediment, 
litter) and  N2 degassing unknown. Median  NH4-N 
removal rates in wetlands may be broadly estimated 
at up to 8.8 mmol/m2/d, which is in accordance with 
literature reports in the order of 1–20  mmol/m2/d 
(Dzakpasu et al., 2014; Mitsch & Gosselink, 2000).

4.4  Comparison of Conventional Plant and Passive 
Pilot System

The aggregated median concentration development 
of relevant parameters in the Westfield passive pilot 
system and the full-scale conventional treatment 
plant operated on site are illustrated in Fig.  7. It 
should be noted that juxtaposition of relative treat-
ment efficiencies for two water treatment plants is 
only valid if the underlying absolute inflow levels 
are broadly similar. Although the pilot system was 
directly fed from the conventional plant, a compa-
rability test was made for the aggregated long-term 
datasets as the respective monitoring periods are 
non-identical. The comparison in Table S1 shows 
that inflow concentrations consistently overlap 

Table 3  Mass balance of the Westfield pilot plant for relevant contaminants through the study period: Mass loading (ml) with aver-
age daily loading (L) in brackets

Loading Fe As Mn NH4-N NO3-N

Settling pond loading (MP01) 69 kg (153 g/d) 55 g (121 mg/d) 13 kg (29 g/d) 349 mol (0.77 mol/d) 145 mol (0.32 mol/d)
Wetland loading (MP02–MP04) 22 kg (48 g/d) 16 g (36 mg/d) 11 kg (24 g/d) 294 mol (0.65 mol/d) 171 mol (0.38 mol/d)
Sediment filter loading (MP05–

MP07)
7.0 kg (16 g/d) 6.4 g (14 mg/d) 5.4 kg (12 g/d) 96 mol (0.21 mol/d) 224 mol (0.50 mol/d)

Discharge (MP08–MP10) 1.8 kg (3.9 g/d) 3.2 kg (7.1 mg/d) 1.8 kg (4.0 g/d) 21 mol (0.05 mol/d) 296 mol (0.66 mol/d)

Fig. 6  Overall nitrogen mass balance for the Westfield pilot plant over the study period in [mol]
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with relative differences of long-term medians well 
below 20%. The sole exception is Cl due to the 
long-time falling trend noted in Table  1. Hence, 
seepage water chemistry remained relatively stable 
over the years, and we consider the two aggregated 
databases as broadly comparable as long as differ-
ences indicated by Table S1 are taken into account.

First and foremost, Fig.  7 shows that the two 
treatment plants are comparable in terms of Fe 
removal as the primary contaminant, both reliably 
meeting the regulatory requirements. The same 
holds true for TSS/turbidity and As. However, both 
Mn and  NH4 mostly pass the conventional treatment 
plant with overall median removal in the order of 
5–10%, rarely exceeding 20%. This goes to show 
that the biogeochemical processes stimulated in 
the near-natural wetland environment together with 
the high-surface sediment filters provide a tech-
nological benefit regarding overall water quality 
amelioration.

The addition of lime slurry and ferric chlo-
ride solution in the conventional treatment plant 
as alkalising and flocculating agents, respec-
tively, measurably increase the intrinsically con-
servative ions Ca and Cl (data not shown). The 
median percentage increase is relatively minor 
(Ca ≈3%; Cl ≈9%), yet because of the high ini-
tial loadings noted in Table  1, the additional 
yearly discharge of Ca and Cl from the conven-
tional treatment plant to the receiving surface 

water is estimated at 2.6–3.0 and 3.0–3.4 t/a, 
respectively. Although the conventional treat-
ment plant at the Westfield site is relatively old 
and might thus fall short of the expected effi-
ciency of modern physicochemical treatment 
plants, the underlying resource consumption of 
conventional mine water treatment is broadly 
transferrable and an environmental concern in 
the long run. In this context, passive treatment 
provides a more sustainable alternative for long-
term water treatment, particularly at abandoned 
mining legacies.

5  Evaluation of the Multistage Setup

It is generally well-established that adequately 
designed and sized passive mine water treatment sys-
tems facilitate effective removal of Fe as the primary, 
ubiquitous contaminant in ferruginous, circumneutral 
mine waters and reliably meet regulatory discharge 
standards (e.g. Hedin, 2020; Sapsford & Watson, 
2011; Younger, 2000b). The multistage approach 
tested for the Westfield pilot system further advanced 
Fe removal efficiency, consistently achieving efflu-
ent concentrations well below the strict site-specific 
limit of 1 mg/L despite the heterogeneity in hydrau-
lic loading and year-round environmental conditions 
as well as the predisposition of pilot-scale systems to 
performance fluctuations or operational failures. The 

Fig. 7  Removal efficiency of relevant contaminants based on 
median inflow-outflow concentrations for the Westfield pilot 
plant (2018–2019) and the full-scale conventional treatment 

plant (2011–2021) with overall removal and number of sam-
ples indicated below columns
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removal of Fe as the primary contaminant as well as 
TSS/turbidity and As (broadly) followed the desig-
nated removal pattern according to Pareto’s principle, 
with similar discrete removal efficiencies in the three 
consecutive stages of 60–80% (Table  2). By retain-
ing the bulk Fe loading, the settling ponds effectively 
protected the more efficient, but also more delicate 
wetlands and sediment filters from overloading (i.e. 
clogging or colmation). Wetlands and sediment filters 
in turn ensured polishing at similar or even slightly 
higher discrete treatment efficiency despite substan-
tially lower loading. Thus, the strategical combination 
of classical passive treatment stages is an effective 
means to facilitate reliable and effective treatment 
whilst potentially minimising maintenance and land 
requirements.

Generally, water quality improvement in settling 
ponds is predominantly limited to physicochemical 
processes such as gas exchange, autoxidation and 
sedimentation. Hence, the removal or decomposi-
tion of secondary contaminants such as Mn and  NH4 
was primarily stimulated in the vibrant and dynamic, 
near-natural environment of the densely vegetated 
wetlands and continued in sediment filters. Thus, 
the surface-flow wetlands are the centrepiece for 
not only polishing of residual Fe, but also beneficial 
biogeochemical substance and redox cycles (Opitz 
et  al., 2021). These observations are in accordance 
with previous studies on composite passive mine 
water treatment systems where wetlands were found 
to outperform settling ponds, not only for Fe but also 
Mn removal (e.g. Batty et al., 2008; Sapsford, 2013). 
Finally, the sediment filters were found to be a suit-
able means for overall polishing of particulate and 
redox-sensitive compounds (Fe, As, Mn,  NH4, TSS) 
whilst concomitantly mitigating spatiotemporal fluc-
tuations that inevitably arise in near-natural open sys-
tems, including but not limited to turbidity, oxygen 
level, redox potential and TOC (Fig. 4 and Fig. S1).

Comprehensive, year-round datasets such as col-
lected for the Westfield pilot plant provide a robust 
basis for assessment of treatment performance. 
Nevertheless, in-depth evaluation of the underlying 
temporal profiles is indispensable to identify spati-
otemporal variations and interrelations in individual 
treatment stages. This was highlighted for the bio-
geochemical removal of Mn and  NH4 which both (1) 
displayed an establishment phase with higher removal 
rates in the second and third compared to the first 

year of operation (data not shown) and (2) were sub-
ject to seasonal variation. The comprehensive moni-
toring together with visual observations indicate that 
development of plant cover, adapted microbial popu-
lations, biofilms, sediments and reactive surface coat-
ings were the driving factors for Mn(II) oxidation and 
nitrification in surface-flow wetlands as previously 
suggested by Demin et al. (2002). The spatiotemporal 
fluctuations should, however, be kept in mind when 
interpreting treatment efficiency and mass balance 
estimates based on periodic samplings (Opitz et  al., 
2020). Altogether, it is to be expected that contami-
nant removal improves with maturation of the system 
until, eventually, sediment accumulation compro-
mises the hydraulic efficiency. As biogeochemical 
trends and cycles in eco-technological systems are 
rather sluggish, necessary maintenance measures may 
be adequately predicted.

6  Conclusions

The study confirmed suitability and operational reli-
ability of the multistage passive system for treatment 
of ferruginous, mining-influenced seepage water at 
the project site. The Westfield pilot system achieved 
excellent removal rates for Fe as the primary contam-
inant in the order of 98% with effluent concentrations 
averaging 0.21(±0.07) mg/L, thus reliably meeting 
the strict site-specific effluent limit of 1 mg/L.

In-depth evaluation of the consecutive treat-
ment stages showed that, whilst the bulk Fe load 
was retained in bare settling ponds, wetlands and 
sediment filters displayed similar discrete treatment 
efficiency and thus proved indispensable for polish-
ing. The surface-flow wetlands were found to be 
the centrepiece of the multistage system, not only 
for Fe removal but also by stimulating and enhanc-
ing biogeochemical processes that contribute to the 
removal of secondary contaminants such as Mn and 
 NH4. The sediment filters were found to be an emi-
nently suitable means for overall polishing and to 
mitigate spatiotemporal variations of various hydro-
chemical parameters in the open system, including 
but not limited to TSS/turbidity, oxygen level, redox 
potential, Fe, As, Mn,  NH4 and TOC.

Fe removal efficiency of the multistage pilot sys-
tem was comparable to the full-scale conventional 
treatment plant currently operated on site and even 
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surpassed the latter in terms of Mn/NH4 removal, 
thus demonstrating that passive treatment is a suit-
able and more sustainable alternative for long-term 
seepage water treatment at the project site.

Altogether, the pilot study showed that strategi-
cally combing increasingly efficient passive treat-
ment stages broadly following the Pareto principle 
may allow for optimisation of treatment perfor-
mance and operational reliability whilst provid-
ing an opportunity to minimise land consumption, 
maintenance requirements and overall costs. In 
addition, the multistage setup ensures that perfor-
mance fluctuations in one stage are reliably miti-
gated in the consecutive treatment stage(s), thus 
minimising the overall risk of exceeding regulatory 
requirements.
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