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Abstract

Acid mine drainage (AMD) is one of the most important global causes for polluted water. It occurs in mining areas due to
oxidation of sulfide minerals. Depending on hydrological conditions, wetlands are considered suitable for passive treatment
of AMD. The aim of the study was to characterize the long-term retention performance of a drained wetland, Briesener
Niedermoor, in an iron and sulfate contaminated catchment area. The site is located in the Lusatian lignite mining district,
Germany. Hydrological and hydrochemical measurements as well as time series of groundwater and surface water were
evaluated and saturation conditions of iron species were determined using Phreeqc Interactive and Ey—pH diagrams for the
Fe—S—K—-O-H system. Progressing peat degradation due to drainage leads to a hydraulic behaviour of the wetland that is
more comparable to a rain bog than a fen, and thus to more pronounced oxic conditions. Groundwater feeds the wetland
with significant loads of iron and sulfate, which are temporally stored in the wetland. At low surface water discharge, iron is
removed and weak acidic pH is buffered by the dominant phase of schwertmannite (FegO4(OH)4SO,), usually during sum-
mer months. In winter, greater water availability initializes a high source strength from the wetland, that cannot be retarded.
Thus, only during summer, there is a retention potential; in winter, the retention potential is not strong enough to prevent an
inflow of iron and sulfate. Only a significant rewetting of the wetland may result in a restoration of the retention potential
of the wetland Briesener Niedermoor.
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Introduction

Acid rock drainage (ARD) is formed by oxidation of metal
sulfides, commonly pyrite and pyrrhotite, when exposed to
natural water and oxygen. This results in the release of iron,
aluminium, sulfate, toxic metals, trace elements, and acid
in water (Blowes et al. 2014; Carrero et al. 2015). Further
oxidation of ferrous iron, subsequent hydrolysis, and precipi-
tation of ferric oxy(hydroxides) and hydroxysulfates lead to
additional acidity (Nordstrom et al. 2015). Because these
processes are mainly attributed to active and abandoned
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mining sites of coal and sulfide ore, the term acid mine
drainage (AMD) is commonly used, being one of the cur-
rent global environmental issues (Wolkersdorfer and Bowell
2004; Tutu et al. 2008; Galhardi and Bonotto 2016).
Although the chemistry of AMD generation by
sulfide-mineral oxidation is well known (Nordstrom 1982),
the processes are complex in detail. Great importance
is attached to the oxidation of ferrous iron to ferric iron,
mainly mediated by microbial activity at low pH values
(Kiisel 2003), because ferric iron is a more effective oxi-
dant than oxygen (Nordstrom et al. 2015). The oxidation
rates are mainly affected by pH, the presence of microor-
ganisms, dissolved ferric iron concentration, temperature
(T), redox potential (Ey), and dissolved oxygen concentra-
tion (O,) (Blowes et al. 2014) that have been the focus of
previous study (Wiersma and Rimstidt 1983; Moses et al.
1987; Sasaki 1994; Dos Santos et al. 2016). In the absence
of oxygen ferrous iron dominates, such in groundwater, the
iron oxidation is more complex under atmospheric condi-
tions: varying hydrological and meteorological impacts
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(Nordstrom 2009; Uhlmann et al. 2013; Kruspe et al. 2014)
and hydro(bio)chemical self-propagation as well as self-
regulation factors (Bigham et al. 1990; Peine et al. 2000;
Regenspurg 2002; Kiisel 2003) change pH conditions,
microbial activity, oxidation states, and dissolved iron con-
centrations and thus the mobility of iron and other metals.

AMD results in decreasing water quality and sedimenta-
tion of toxic metals and thus in negative effects on aquatic
ecology. AMD characteristics are already described in detail
in various studies around the world, such as in Brazil (Gal-
hardi and Bonotto 2016), in the Iberian Pyrite Belt, Portugal
and Spain (Sainz et al. 2002; Moreno-Gonzélez et al. 2022),
and in the Lusatian coal mining district, Germany (Uhlmann
et al. 2010, 2013). Because it poses a risk for environmen-
tal damage in the surface and subsurface catchment areas,
strategies are needed to attenuate AMD.

Numerous treatment technologies have been evaluated
including chemical and passive systems (Skousen et al.
2000, 2017; Ighalo et al. 2022). Because passive treatment
technologies provide an ecological, less cost-intensive and
low-maintenance alternative (Moreno-Mateos and Comin
2010), they are gaining more attention in research. Passive
systems include the so-called constructed wetlands and natu-
ral wetlands (Skousen et al. 2017). Wetlands are consid-
ered to have a long-term potential for remediation of AMD
species (August et al. 2002), improvement of water quality
downstream (Sasaki et al. 2001; August et al. 2002; Dean
et al. 2013; McCarthy et al. 2016), and hydraulic buffer-
ing (Lamers et al. 2015). Depending on hydrology, different
beneficial physical, chemical, and biological properties of
the wetlands allow settling, sedimentation, sorption, co-
precipitation, cation-exchange, photodegradation, phytoac-
cumulation, biodegradation, microbial activity, plant uptake,
and thereby removal of AMD species (Sheoran and Sheoran
2006). The objective of this research is to study these natu-
ral processes in constructed wetlands (Sheridan et al. 2013;
Pat-Espadas et al. 2018; Sekarjannah et al. 2019; Zubair
et al. 2020; Messer et al. 2021). Although natural wetlands
cover 3% of the global land area (Lamers et al. 2015), they
are not studied as intensively as constructed wetlands as a
potential treatment of AMD (Bayley et al. 1986; Beining
and Otte 1996; Sasaki et al. 2001; August et al. 2002; Dean
et al. 2013).

Whether a wetland acts as a sink or source depends highly
on hydrological conditions (Devito and Hill 1997; Eimers
et al. 2008), that can be changed long term and seasonally
(August et al. 2002). The hydrological conditions deter-
mine the residence time, AMD load, and whether aerobic
or anaerobic conditions are established in the wetland. While
anaerobic conditions cause the removal of sulfate and metals
by precipitation of metal sulfides (Humphries et al. 2017)
by sulfate reducing bacteria (Dean et al. 2013) and subordi-
nately of (oxy)hydroxides and carbonates, aerobic conditions
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result mainly in precipitation of metal (oxy)hydroxides
(Skousen et al. 2000). In iron-sulfate dominated environ-
ments, especially acid iron and aluminium hydroxysulfates
such as schwertmannite can act as important host phases for
sulfate and metals (Bigham et al. 1996; Schopke 2007; Car-
rero et al. 2015; Burton et al. 2021), whose dominance has
been already observed in surface waters in Lusatia (Uhlmann
et al. 2010).

Lusatia, located in South Brandenburg and Northeast
Saxony, is one of the largest lignite mining areas of Ger-
many, Europe and rich in wetlands that currently cover an
area of 2100 km? in Brandenburg (Landgraf 2010). Since
mining became industrial in the middle of the nineteenth
century, long-term intervention in the regional water balance
has caused strong effects on redox conditions and hydraulic
conditions. Due to mining-induced groundwater drawdown
and subsequent flooding of post-mining lakes, AMD has
been generated and is locally associated with natural wet-
lands. Sources of AMD, mainly characterized by high sulfate
and iron concentrations in groundwater and surface water,
are located in Pleistocene aquifers and Holocene wetlands,
being rich in sulfide minerals due to anoxic formation condi-
tions (Kruspe et al. 2014). Local significant amounts of bog
iron ore in wetland peats (Uhlmann et al. 2010; Kruspe et al.
2014) are also potential iron sources. 75% of the wetlands
are currently used for agriculture in Brandenburg (Landgraf
2010) and thus degraded, resulting in changed peat structure
and hydrological conditions.

However, wetlands significant but sensitive function in
retention is well known and it has been identified as one of
the potential sources of iron and sulfate in Lusatia. No atten-
tion has been paid to determine the current role in retention
of AMD species by a long-term hydrologically changed wet-
land. There is only a poor understanding of the performance
of these drained and degraded wetlands over a long time
period in hydrology, matter supply, storage, transformation,
and output. The study aims to identify the source, main flow
paths, and transformation processes of iron and sulfate in
the Briesener Wiesengraben in Lusatia, Germany and sub-
sequently decide whether this local wetland can protect the
surface water from AMD.

Materials and methods
Study site

The 11.5 km? investigation area is located in the north-
ern region of the Lusatian lignite mining district, 100 km
south of Berlin, 90 km north of Dresden, Germany,
Europe (Fig. 1). It includes the surface and subsurface
catchment area of the river Briesener Wiesengraben,
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Fig. 1 Simplified map of the investigation area with located surface
water bodies, wetlands, sampling points, and regional groundwater
flow direction (empty arrows, based on LMBV mbH 2019)

former Laasower Fliefl (LaF), draining a natural wetland
4 km?) and flowing into Greifenhainer Fliel (GhF). The
morphology originates from Pleistocene fluviatil and lim-
nic valley and basin fills, slope sands and debris cones
(Landesvermessung und Geobasisinformation Branden-
burg 2022). The investigated porous aquifer is streaked
by silt and clay and covered by Holocene layers, including
fens with surrounding smaller peat layers in the lowlands
(Landesvermessung und Geobasisinformation Branden-
burg 2022). Because of local groundwater drawdown
through peat mining and agricultural use and regional
groundwater drawdown due to coal mining, the peat has
a maximal thickness of 55 cm (Uhlmann et al. 2010). The
corrected average long-term annual precipitation between
1981 and 2010 is 625 mm (Deutscher Wetterdienst 2021).
The climatic water balance is characterized by strongly
water-deficient summer months with weeks to months of
prolonged hot and dry periods (Kriimmelbein et al. 2012)
and water surplus winter months, causing annual water
deficits from 2010/2011 to 2018/2019 (Deutscher Wetter-
dienst 2021). The dominating land use of the wetland is
live-stock farming, whereas the surrounded area is forested
and agricultural.

Sample collection and analyses

Measurements were carried out for surface water and
groundwater in summer 2019: on-site parameters have
been determined, water samples were collected, and the
groundwater table was measured. Three sampling locations
were measured in surface water (LaF 50, LaF 40, and LaF
20). The discharge rate of the drainage stream was meas-
ured by magnetic-inductive flow meter OTT Hydromet
OTT MF. Groundwater was sampled at five location sites
in the catchment area of the wetland (000163, 000175,
000503, 000509, and 000513). 020165 was investigated to
characterize groundwater that is potentially hydrochemi-
cally unaffected by both Lake Grébendorf and the wetland.

pH, Ey, electrical conductivity (EC), T, and O, were
determined by electrodes of HACH HQ40D Digital two-
channel multi-meter at each sampling location on-site.
Total and carbonate hardness were titrimetrically meas-
ured using Merck MColortest™ in the field. All samples
were stored cool in airtight tubes and dark conditions
until analysis in the laboratory. The concentrations of the
iron species were photometrically determined by HACH
DR/890 colorimeter, whereby total iron and total dissolved
iron concentration were measured by Ferro-Ver-method
and ferrous iron concentration by 1,10-Phenanthrolin-
method. The ferric iron concentration was determined
by difference measuring of total dissolved iron and fer-
rous iron concentration. Main anions and cations were
measured by conductivity detector of Metrohm liquid ion
chromatograph 881 Compact IC pro as well as dissolved
organic carbon (DOC) by NDIR detector of Analytik Jena
multi-N/C 2001 S analyser.

Data processing

A groundwater plan was modelled by Processing Mod-
flow (Chiang and Kinzelbach 2001). Geochemical equi-
librium calculations were performed by Phreeqc Interac-
tive (USGS 2020). Therefore, two models with different
input parameters were used based on own measured data
and the database phreec.dat of Phreeqc Interactive (USGS
2020), added by the mineral phase schwertmannite with
log K=18 (Bigham et al. 1996). The data of reference
measurements were extended by pre-existing long-term
monitoring data (LMBV mbH 2019), such as groundwater
table, discharge rate, pH, Ey, concentration of different
iron species, and acid and base capacity. For this purpose,
data were available for all sampling points of LaF, 2 of
GhF and 2 of groundwater (000503, 000509) from 2007
to 2019. Data of 000503, 000509, 000513, 000163, and
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000175 were accessible for long-term observing ground-
water table.

Pyrite oxidation, hydrolysis, and acidification

AMD is initialized in both oxic and anoxic systems through
geochemical, microbiological, or electrochemical pathways
by oxidation of metal sulfide minerals when their surfaces
are exposed to water and an oxidant, including oxygen, ferric
iron, or mineral catalysts (Nordstrom et al. 2015). Using the
example of pyrite oxidation by atmospheric oxygen, ferrous
iron is produced (Eq. 1) that can be oxidized to ferric iron
by acidophilic lithoautotrophic bacteria (Kiisel 2003) under
acid conditions (Eq. 2, Bigham et al. 1990). Microbial activ-
ity is a key driver in accelerating ferric iron production and
pyrite oxidation. If ferric iron is present in solution, mainly
at pH values under 4 (Berghorn and Hunzeker 2001), it acts
as a major oxidant and accelerates the pyrite oxidation in
a self-propagating cycle (Eq. 3, Bigham et al. 1990; Kiisel
2003). In most AMD samples, ferrous iron is dominant, indi-
cating a faster oxidation of sulfide minerals than of ferrous
iron.

FeS, + % 0, + H,0 - Fe’* +2H" +2S0;" (1)

Fe’* + ‘1—1 0, +H' - Fe** + % H,0 )

FeS, + 14Fe’* + 8 H,0 — 15Fe*" + 16 HY +2 S0;".
3)
By reacting with water, ferric iron is stepwise hydrolysed
after a delay that leads to the formation of ferric iron min-
erals and pH reduction (Eq. 4). Due to their low solubility
(Schwertmann 1991), schwertmannite, goethite, ferrihydrite,
and jarosite usually precipitate as mixtures in the surface
waters according to their different stability fields (Bigham
et al. 1996; Nordstrom et al. 2015). Which mineral phase
predominates depends on pH and sulfate activity, among
others (Bigham et al. 1994). In the case of ferrihydrite, it
precipitates at neutral pH conditions and low sulfate activ-
ity (Eq. 5).

Fe’* + 3H,0 — Fe(OH), + 3 H* 4)

Fe(OH); — Fe(OH);(s). (&)

The simplified overall reaction of Eq. 1, Eq. 2, Eq. 4, and
Eq. 5 for ferrihydrite can be written as (Eq. 6)

4FeS, + 150, + 14H,0 —» 16 H* + 8 SO~ + 4Fe(OH);(s).
(6)
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The acidity thus produced can be buffered by the natural
background alkalinity leading to higher pH values and thus
to the formation of ferric iron precipitates. Once the alka-
linity is depleted, surface waters acidify and the solubility
of metals, especially ferric iron, increases. This can restart
the cycle of pyrite oxidation until pyrite and ferric iron are
consumed. Various studies showed that schwertmannite
is the dominant ferric mineral phase under pH conditions
between 2.5 and 4 (Bigham et al. 1990) and controls the
pH conditions significantly and thus both the major- and
trace-element mobility in surface waters (Bigham et al.
1990, 1994; Regenspurg 2002; Kiisel 2003; Knorr and Blo-
dau 2007). As long as a constant ferrous iron supply and
oxidation are observed, no change of the acid pH condi-
tions is expected (Bigham et al. 1990; Regenspurg 2002)
and hydrolysis and precipitation continue in surface water.
Besides these chemical reactions for AMD generation, the
concentrations of metals, acid, and their loadings are also
influenced by seasonal variations of precipitation infiltration
rates (Nordstrom 2009).

Results
Reference measurements

At the measuring time, the wetland’s surface was dry, and
the drainage stream carried only water between LaF 50 and
LaF 20 without any discharge rate, characterized by yel-
lowish-orange colour, high turbidity, and macroscopically
visible iron and organic particles. The riverbed and the shore
were sedimented by local iron mineral layers with a thick-
ness of up to a few cm.

The pH of the drainage stream, being iron-sulfate domi-
nated, is neutral and it does not change downstream in con-
trast to the increasing weak Ey, the low O,, and the high
turbidity (Table 1). On the other hand, the acid capacity up
to pH 4.3 decreases dramatically from LaF 50 to LaF 20.
Sulfate, the dominant nitrogen species ammonium, and DOC
increase downstream while passing the wetland, confirmed
by maximal concentrations and maximal EC in LaF 40. The
concentrations of total iron occur predominantly as ferrous
iron, whereby the acidic and oxidative water of the down-
stream (GhF) shows pronounced ferric iron concentrations.
Large local dependencies in redox conditions and ion con-
centrations in groundwater were observed. The acid capac-
ity up to pH 4.3, pH, and O, of the groundwater northwest
of the wetland (000175) are similar to LaF 50. The eastern
groundwater (000509, 000513) is neutral to weakly acidic,
weakly buffered, and more oxidizing. The groundwater north
of the wetland (000513) stands out with high total dissolved
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Table 1 Reference

Groundwater Surface water

000509 000513 000175 Drainage stream Downstream

LaF 50 LaF40 LaF20 GhF50

measurements of hydrochemical Site

standard parameters and main

ions
T [°C]
pH 1
Ey UH, 25 °C [mV]
0, [mg/L]
Alkalinity [mmol/L]
Turbidity [FNU]
EC [uS/cm]
Ferrous iron Fe** [mg/L]
Ferric iron Fe**  [mg/L]
Total iron [mg/L]
SO, [mg/L]
NO;~ [mg/L]
NH,* [mg/L]
DOC [mg/L]

11.2 12.4 11.6 19.1 22.1 232 21.7
4.7 5.1 6.6 7.1 6.5 6.6 3.0
305 245 127 88 134 204 645
0.2 1.0 1.1 0.8 1.0 1.0 4.2
0.4 0.9 8.0 6.8 3.6 1.5 o.d. 12
9.3 62.2 1.5 243 279 408 53
1060 2140 2850 2040 2140 2040 1440
156 248 113 94 204 167 22

0 21 2 2 14 3 12
284 >300 >300 109 191 30
660 1360 1720 940 1400 1460 960
<0.1 <0.1 <01 03 2.3 0.3 0.2
1.5 4.9 1.4 2.5 4.5 4.7 1.6
6.1 40.1 39 36.0 56.2 40.7 6.2

2Qut of detection limit

iron, sulfate, ammonium, and DOC concentrations, compa-
rable to surface water near the wetland.

Phreeqc Interactive (USGS 2020) showed that the ferric
iron concentration is generally overestimated by the measur-
ing method, confirmed by modelled small ferric iron con-
centrations and redox potentials (Online Resource 1). The
controlling ferric iron mineral phase of the surface water
except from the downstream is schwertmannite, but goethite,
ferrihydrite, and locally K-jarosite are also oversaturated.
While the saturation indices of the iron minerals increase
downstream in the drainage stream, the surface water shows
minimal saturation indexes of iron minerals at maximal iron
concentrations in the wetland. The saturation indices of
siderite and calcite decrease with reducing acid capacities
up to pH 4.3 downstream.

Hydraulics

The groundwater table is nearly constant with fluctuations
of 1 m in the investigation area since 2007, while the depth
to groundwater weakly varies between 2.0 and 2.5 m in
the east and 2.5 m and 4 m in the west. According to the
measured groundwater tables, the groundwater flows north-
wards from Lake Grébendorf to the wetland, being fully
confined by groundwater, and potentially infiltrating into
surface water from LaF 50 to LaF 20. However, the mod-
elled groundwater plan shows that the hydraulic connection
between wetland and groundwater is inhibited. The fact that
no baseflow is temporally observed in summer confirms this
assumption. Schmidt (2013) observed similar characteristics
on surrounding wetlands. In contrast to summer, water is

temporally logging on wetland’s surface in winter. From LaF
20 downstream, there is infiltration induced by the lower
groundwater table and shown by decreasing discharge rates.
With respect to the time series of the discharge rates and
discharge rate balances, the surface water gains the nearly
most input from the wetland. While it carries negligible
amounts at LaF 50, the discharge rate is higher in the area
of the wetland with respective average rates of up to 0.006
m?/s. Downstream the discharge rate balance between LaF
10 and the sum of LaF 30 and LaF 40 is negative, indicating
infiltration. From 2009 to 2019, the discharge rate correlates
with the seasonal variation of the climatic water balance
and thus of the available precipitation infiltration supply. It
results in low discharge rates in summer, that even tend to 0
m?/s, and maximal discharge rates up to 0.05 m>/s in winter,
especially in the downstream of the drainage stream.

Time series of hydrochemical data

Between 2009 and 2019, long-term constant pH values from
4 to 6 and low acid capacities up to pH 4.3 are observed
in groundwater. The upper stream, including the passage
through the wetland, is dominated by pH values from 6 to 7
and acid capacities up to pH 4.3 from 2 to 6 mmol/l (Fig. 2,
Online Resource 2), that are similar to proximal ground-
water in 000175 at the measuring date. After passing the
wetland, the hydrochemistry of the surface water changes
significantly by formation of two plateaus: While pH values
from 5.5 to 6.5 with simultaneous acid capacities up to pH
4.3 up to 2 mmol/L mainly occur in winter, pH values from
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Fig.2 Time series of pH values (a, b, ¢) and acid capacity up to pH 4.3 (d, e, f) of surface water. Filled triangles represent negative acid capaci-
ties up to pH 4.3 and empty triangles represent positive acid capacities up to pH 4.3 (based on LMBV mbH 2019, own data)

3.0 to 4.5 with acid capacities up to pH 4.3 from —6 up to
2 mmol/L are primarily observed in summer. The acid bind-
ing capacity decreases with wetland’s input. The base capac-
ity up to pH 8.2 is not pH-dependent, but it has decreased
over the last years in the whole investigation area (Online
Resource 2).

While the total iron concentration, predominating fer-
rous iron, varies between 200 and 250 mg/L in ground-
water, it decreases in surface water downstream from
200 to 100 mg/L (Fig. 3). The sampling locations in
the wetland show maximal total iron concentrations of
250 mg/L. Higher undissolved iron amounts at LaF 40
(Online Resource 2) and lower total iron concentrations
at LaF 20 than at LaF 30, representing the tributary from
the wetland, are observed. The total iron concentration of
the surface water is less in summer than in winter. The
sulfate concentration in groundwater south of the wetland
is around 500 mg/L, while it varies between 1000 and
1500 mg/L in surface water without any spatial depend-
encies from 2009 to 2019. In contrast to the total iron

@ Springer

concentration, a weak increase of the sulfate concentra-
tion is detected in surface water in summer. The iron—sul-
fate ratio of surface water significantly exceeds the value
of 1:2. Sulfate and total iron concentration have weakly
decreased in groundwater and surface water over the last
years (Online Resource 2). The iron loads correlate with
the discharge rates: winter loads between 60 and 120 kg/d
and summer loads up to 50 kg/d are observed in the upper
stream (Fig. 3). The downstream of the drainage stream
shows iron loads between 0 kg/d in summer and 200 kg/d
in winter.

As can be seen from the plots and the E;—pH diagrams
for the Fe—-S—K—-O-H system (Fig. 4, Online Resource 2),
all waters are moving along the stability lines of schwert-
mannite and goethite as well as ferrihydrite and goethite,
indicating a dynamic iron transformation with a predomi-
nance of precipitated ferric iron. While the surface water
is dominated by ferrihydrite in the upper stream, LaF 30
and the downstream are characterized by the variation of
dominant schwertmannite in summer and ferrihydrite in
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Fig.3 Time series of iron loads (a, b, ¢, d) and total iron concentrations (e, f, g, h) of surface water. Grey bars represent total undissolved iron
concentrations, while black bars represent total dissolved iron concentrations (based on LMBV mbH 2019, own data)

winter due to seasonal changes in pH and Ey;. In summer,
pH varies between 2.8 and 4.1 along schwertmannite’s
stability field downstream. The determined predominance
of precipitated ferric iron in groundwater is not assumed
because of measured anoxic conditions. The downstream
of the catchment area is dominated by ferric iron, goethite,
and schwertmannite due to acidic conditions.

Discussion

Source of iron and sulfate

The highest concentrations of ferrous iron were detected in
the surface water in the area of the wetland, indicating a sig-
nificant output of ferrous iron from the wetland into surface
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Fig.4 E;—pH diagram for the

Fe—S—K-O-H system at 25 °C,
plotted with long-term data
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the expanded stability fields
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water. Simultaneously lower concentrations of undissolved
iron in the tributary from the wetland (LaF 30) than in LaF
40 show a less progressed iron oxidation in the tributary and
thus a proximity to the iron source, located in the wetland.

A current output of weathered pyrite from the water
saturated zone of the wetland is not assumed, because
there are no pyrite deposits in the peat (Uhlmann et al.
2010) due to aerobic conditions induced by the past
groundwater drawdown (Schmidt 2013) and progress-
ing peat degradation. It is also assumed that the high
iron concentrations of the surface water are not gener-
ated by the dissolution of bog iron ore that still makes
up 2.0-4.5 w% of the peat (Uhlmann et al. 2010): first,
the lime-free peat (Uhlmann et al. 2010) had accelerated
iron leaching in the recent past (Kruspe et al. 2014) due to
oxidation, and second, the surface water should be more
dominated by ferric iron than ferrous iron.

With respect to the hydrochemical similarity between
groundwater and surface water, an origin from ground-
water is assumed. Through weathering processes of local
pyrite deposits, iron and sulfate were mobilized in the
groundwater. The stoichiometric iron—sulfate ratio of 1:2
expected for pyrite weathering is predominantly exceeded
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in the surface catchment area because of progressing pre-
cipitation of ferric iron at pH greater than 4 (Wisotzky
1996). It is assumed that a minor part of the sulfate con-
centration is generated by weathering and mineralization
of organic matter of the peat, being pronounced in sum-
mer. This is supported by weakly increasing sulfate con-
centrations in the surface water of the wetland in summer
and by the fact that about 80 w% of the total sulfur of the
peat is organically bound (Uhlmann et al. 2010).

Hydrology of the output of iron and sulfate

The absence of baseflow in the surface water while higher
groundwater potential in summer indicates groundwater
is prevented from infiltrating into the wetland in summer.
Due to its low hydraulic conductivity (Schilchli 1992),
ferric mud, sedimented as a colmation layer on the river-
bed and riverbank of the surface water, acts as an aquitard.
It is not assumed that the hydraulic gradient is sufficient
for a significant increase of hydraulic conductivity (Rosen-
berry and Pitlick 2009).

Consequently, iron- and sulfate-rich groundwater is
discharged via the wetland to the surface water. Based on
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the water table contour map, water-level measurements in
winter, and observed signs of desiccation on wetland’s sur-
face in summer, the hydraulic connection to groundwater
is inhibited. Because there is no mudde layer that underlies
the peat (Uhlmann et al. 2010; Landesvermessung und
Geobasisinformation Brandenburg 2022), a decreased
hydraulic conductivity of the peat, induced by peat deg-
radation (Liu and Lennartz 2019), is assumed. Flow is
assumed to be so slow that adhesive forces (Busch et al.
1993) lead to storage of groundwater, loaded with iron
and sulfate, in the wetland rather than being transported
to the surface water.

The output of iron and sulfate into surface water is con-
trolled by the seasonal varying rates of precipitation, indi-
cated by correlations of climatic water balances, discharge
rates, and iron loads. In contrast, diffuse groundwater infil-
tration plays a minor role in regulating iron loads of the
surface water (Kruspe et al. 2014). As a result of the nega-
tive climatic water balance and less wet periods in summer,
iron and sulfate, fed with the groundwater and stored in the
wetland, are retarded in the wetland. In contrast, in winter
positive climatic water balances and the trend to wet periods
generate dominant supply by infiltrated precipitation, result-
ing in the strong release of iron and sulfate from the wetland
by drainage.

Consequently, the wetland acts recently more like a rain
bog than a fen, as the local original wetlands were classi-
fied in the past (Uhlmann et al. 2010; Kriimmelbein et al.
2012). Because the drained wetland is not constantly fed by
groundwater, especially in summer, constant water saturated
conditions throughout the year are not ensured. This leads
to advanced peat degradation, resulting in loss of the natural
water storage filter and buffer capacity (Lamers et al. 2015;
Liu et al. 2017).

Transformation processes in the source area and LaF

Iron and sulfate are mainly transformed under aerobic condi-
tions in the wetland and surface water, strongly controlled by
seasonal variations in discharge rates and redox conditions.
Due to its dominant occurrence in the investigation area
and its metastability, schwertmannite gains high relevance
in controlling the redox conditions by its buffer function
(Regenspurg 2002).

Especially in summer under aerobic conditions while
low discharge rates, high retention times (Skousen et al.
2000; Kruspe et al. 2014), and high T and light intensity
(Kruspe et al. 2014), iron is oxidized, hydrolysed, and
precipitated and thus physically removed from the water
phase (Skousen et al. 2000). This is indicated by lower
dissolved iron concentrations in summer and decreasing
concentrations in surface water along greater distance to
the wetland. Due to low acid capacity up to pH 4.3 of

wetland’s groundwater, the surface water tends to acidify
(Fig. 4), enhanced by aerobic oxidation reactions (Lamers
et al. 1998). However, pH values below 2.5 would dissolve
schwertmannite by bacterial ferric reduction (Peine et al.
2000; Kiisel 2003). The resulting release of hydroxide
leads to increasing pH (Regenspurg 2002). Neutralisa-
tion above pH 4.5 is prevented by re-oxidation and pre-
cipitation of schwertmannite (Kiisel 2003), provided that
a constant supply of ferrous iron is observed (Regenspurg
2002). Thus, removal of major and trace elements like iron
keeps up (Bigham et al. 1990, 1996; Regenspurg 2002;
Burton et al. 2021) in the wetland and especially down-
stream (Fig. 3), representing a potential iron sink. Higher
wetland’s removal ability, while lower source strength and
discharge rates were also observed by August et al. (2002).

Negative ion balances and expected positive surface
charge of schwertmannite and goethite under acid con-
ditions (Bigham et al. 1996) enable a potential capacity
for anion exchange on organic matter and precipitated
ferric minerals. However, weakly increasing sulfate con-
centrations indicate that ferric iron precipitation is not
sufficient for a significant removal of sulfur in contrast
to iron. The oxidized and acidic conditions on the inter-
face between schwertmannite and water phase also pre-
vent sulfur removal by sulfate reducing bacteria (Peine
et al. 2000). Instead, in summer, the wetland tends more
to desiccation resulting in aerobic oxidation that leads to
mineralization of carbon, subsequent loss of carbon into
the atmosphere (Lamers et al. 2015), and loss of DOC
and particular carbon (Freeman et al. 2001), which was
observed by high DOC concentrations up to 56 mg/l in
surface water in the area of the wetland. The summerly
oxidation of organic and mineral bound sulfur results in
higher sulfate concentrations (Lamers et al. 1998) in the
surface water. Evidence for an increased discharge of min-
eralized nitrogen and phosphorus was not found. While
the significant ammonium formation in the surface water
is generated by live-stock farming, negligible phosphate
concentrations, also confirmed by Uhlmann et al. (2010),
can be due to sorption onto ferric precipitations and sub-
ordinated aluminium and manganese precipitations (Litaor
et al. 2004), plant uptake (Messer et al. 2021), or low back-
ground concentrations in the peat.

In contrast, in winter, greater water availability results in
higher discharge rates and thus also higher supply of iron
and sulfate in the surface water (Fig. 3, Online Resource 2).
The greater concentrations in the surface water are generated
by leaching (Nordstrom 2009) of stored iron and sulfate in
wetland—the wetland acts as a source in winter. There is no
dilution effect indicated by precipitation water in the surface
water, because the iron and sulfate supply is just being initi-
ated by infiltrated precipitation water. In contrast to sum-
mer, the source strength is higher than the removal capacity,
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because the retention time, T, and light climatic (Kruspe
et al. 2014) are not strong enough to oxidize and precipitate
the immense supply of iron and sulfate. The varying high
discharge rates generate changing ferrous concentrations,
overlaying the concentrations only induced by oxidation.
The attenuated oxidation progress leads to higher pH and
more predominant saturation of the proximal surface water
with ferrihydrite and goethite than with schwertmannite in
winter. Increased sulfate concentrations that can be gener-
ated by lower sulfate adsorption capacity of ferrihydrite and
goethite than schwertmannite’s sulfate bonding capacity
(Bigham et al. 1996) were not observed.

Even though evidence of wetland’s retention potential,
especially in summer by iron oxidation and precipitation,
was found, it is strongly weakened to almost non-existent
by progressing peat degradation in summer and high source
strength in winter.

Conclusions and outlook

The high iron and sulfate concentrations in surface water
dominantly originate from groundwater, temporally stored
in the wetland. Due to long-term drainage, the wetland’s
hydraulic connection to groundwater is inhibited, leading to
a stronger dependence of the water supply on seasonal vary-
ing infiltrated precipitation water, which is maximal in win-
ter. In summer, under aerobic conditions, peat degradation
is progressing, resulting in transformation, dissolution, and
loss of organic matter and its bound components. While the
wetland acts as a sink in summer due to progressed iron oxi-
dation and weak water supply, greater water supply induces
a high source strength of iron and sulfate in winter, being
discharged by the drainage via the surface water. Schwert-
mannite’s significant role in pH-buffering and subordinately
iron removal could be demonstrated.

Because Lusatia is expected to be exposed to longer
drought periods in summer and increasing water-deficient
years (Pohle et al. 2012), leading to locally decreased
groundwater recharge (Lorenz 2008), wetland’s natural
buffer function is going to increasingly weaken, while win-
ter months gain higher relevance in output. However, the
weakly decreasing concentrations of iron and sulfate in the
catchment area in the last few years indicate an attenuated
source strength that lead to further lower output rates.

This study demonstrates wetlands’ significantly altered
effect on matter transformation, retention, and output, gen-
erated by hydrological and hydrochemical changes due to
long-term anthropogenic influence on local water balance.
As a consequence, Briesener Niedermoor is not able to pro-
tect the surface water from AMD. However, rewetting of
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the wetland by terminating drainage may increase the peat
thickness and thus the retention capability.
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