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To study the impact of changes in groundwater flow and
chemistry on acidity export from sediments in acid
mine drainage (AMD) polluted lakes, a column experiment
was carried out. Schwertmannite rich sediment was
subjected to three different flow rates (0, 5, and 20 L m-2

a-1), two percolate chemistries (1/1 mmol L-1 vs 10/15
mmol L-1 sulfate/ferrous iron, pH 5), and DOC input (∼2.5
mmol C L-1). Percolation induced acidity export in all
percolated treatments (8.8-40.4 mol m-2 a-1) by accelerated
proton generation from schwertmannite transformation
(18.0-35.9 mol m-2 a-1) and ferrous iron release (3.8-
11.6 mol m-2 a-1) from the sediment matrix. Mobilization
increased with flow rate and decreased with sulfate and iron
concentrations. Unspecifically bound ferrous iron contents
increased within the sediment (up to 40.5 mol m-2 a-1)
when iron concentrations in the percolate were high. Reduced
sulfur species formed following raises in pH, but acidity
consumption through this process (0.3-6.6 mol m-2 a-1) and
the formation of carbonates (0.11-0.45 mol m-2 a-1)
remained small. The study thus suggests that increases in
groundwater inflow remobilize acidity from AMD polluted
sediments.

Introduction
A growing number of mine pit lakes in Europe and North
America is strongly acidified by acid mine drainage (AMD)
(1, 2). A primary mechanism of acidification is the precipita-
tion of ferric iron, following the input of anoxic groundwater
enriched in ferrous iron (3, 4). Input of protons often plays
a lesser role for acidification, as the groundwaters are typically
buffered by calcite and silicate weathering in the aquifers
and are often only weakly acidic (3, 4). The acidification of
the surface waters might in part be reversed by microbial
reduction of SO4

2-, NO3
-, Fe, Mn, and the production of

NH4
+ in sediments (5). If the reduced products are seques-

tered, e.g. in the form of iron sulfides, alkalinity is permanently
gained (6). In strongly AMD polluted lakes, however, sedi-
ments may also release protons owing to precipitation of the
iron mineral schwertmannite (FeO(OH)x(SO4)y, 1 - x ) 0.25y,
0.125 < y <0.22) and its subsequent transformation to goethite
(7, 8). The occurrence of this process has been confirmed for
a wide range of AMD polluted surface waters (9, 10). Factors
that control the net balance of acidity consumption and
generation in the sediments are thus of considerable interest.

Previous investigations documented that acidity con-
sumption and generation are directly controlled by the

sediment pore water pH (11, 12). Values of pH 5 and higher
not only were required for the formation of iron sulfides and
carbonates (3, 11) but also accelerated the transformation of
schwertmannite in batch experiments (10). It was further
documented that sediment pH can be elevated in lake areas
with sustained groundwater inflow (4). As a consequence,
iron sulfide and carbonate formation rates increased, and
the acidity balance of the sediments was modified (4, 8, 13,
14). However, we are lacking information regarding the
impact of increasing groundwater flow on the acidity balance
of sediments previously unaffected by percolation. In par-
ticular there is concern that increasing groundwater inflow
will release stored acidity by remobilization of ferrous iron
and accelerated transformation of schwertmannite. Increases
in groundwater flow with time are a widespread consequence
of water management measures in landscapes affected by
mining (15) and may also occur in soft water lakes on a
seasonal basis (7, 8, 16). To elucidate this critical issue, we
quantified acidity generation and consumption for sediments
relative to a control in column experiments. Flow rates and
chemistry were varied within a range typically encountered
in strongly AMD polluted lakes.

Materials and Methods
Lake 77 in Lusatia, Germany, contains schwertmannite and
goethite rich sediments and has previously served as a model
system with respect to iron and sulfur cycling (e.g. refs 4, 17,
and 13). It is acidic (pH 2.8), 8 m deep with an area of 24.4
ha, and chemically dominated by sulfate (8-13 mmol L-1),
ferric iron (0.8 to 2 mmol L-1), and ferrous iron (20 µmol L-1

to 6 mmol L-1). Anoxic conditions develop in the hypolim-
nion. Groundwater inflow increases from about 1.5 L m-2

d-1 in the center to >10 L m-2 d-1 near the shores (18). These
values are similar as in other acidic mine and soft water lakes
(3, 14, 15, 19). Groundwater entering from dump aquifers
had a pH of 3.4-5.2 and contained 5-60 mmol L-1 sulfate
and 5-20 mmol L-1 ferrous iron (4).

The experiment was set up in a constant temperature
chamber by filling airtight Plexiglas columns (inner diameter
8 cm, length 25 cm) with homogenized sediment layers under
an argon stream up to a height of 15 cm. The original sediment
and redox layering was preserved. Ten cm of deaerated lake
water were added on top. Sixteen gravity cores (L 6 cm) were
sampled from the center of the lake (inflow <2 L m-2 d-1)
in January 2004. Visually similar layers of these cores were
pooled and homogenized under an inert gas atmosphere.
Sediment color changed from bright orange at the surface
to dark gray brown at a depth of 12-15 cm. Values of pore
water pH increased from 2.5 to 3.1 in the upper 6 cm to 5.4
at a depth of 12-15 cm. Organic carbon contents ranged
from 4.5 to 10.3%, and total iron contents decreased from
400 to 425 mg g-1 dw in the upper 6 cm to 14 mg g-1 dw at
a depth of 12-15 cm.

Four columns were upward-percolated at two flow rates
with solution representing either AMD polluted (dump) or
pristine (background) groundwater (Table 1), resembling
conditions in the watershed of Lake 77. Two unpercolated
columns (C1, C2) served as controls. C1 was sampled after
10 days to determine initial conditions and C2 after 95 days
for comparison with the percolated treatment. The percolates
also contained Ca2+ (5 mM), K+ (1 mM), Mg2+ (2 mM), NH4

+

(0.3 mM), Al3+ (0.1 mM), Na+ (20 mM), Fe3+ (0.1-0.5 mM),
Cl- (18 mM or 30 mM), and Br- (1 mM) as a tracer. Percolates
were adjusted to pH 5 using HCl or NaOH and kept in 5 L
glass bottles under a nitrogen atmosphere. The columns were
incubated at 10 °C for the first 69 days and at 20 °C thereafter.
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As an additional carbon source, we added a leaf litter extract
(∼2.5 mmol C L-1) after day 46 (Supporting Information,
section C). The overlying anoxic water phase, representing
summer conditions, was sampled through a gastight septum.
Permanently installed electrodes were used to measure pH
and pH2S.

The experiment was terminated by cutting the cores into
segments of 0-0.8 cm, 0.8-2 cm, 2-4 cm, 4-6 cm, 6-8 cm,
8-12 cm, and 12-15 cm. Bulk density ranged from 0.055 g
cm-3 ((0.007) at the top to 0.452 g cm-3 ((0.039) at the
bottom. Pore water was obtained by centrifugation and
analyzed for Fe2+, Fe3+, Ca2+, Al3+, NH4

+, SO4
2-, Cl-, and Br-.

The solid sediment was kept at -25° C until analyzed.
Additional information regarding the site and setup are
provided in the Supporting Information.

Liquid- and Solid-Phase Analyses. Anions were deter-
mined using ion chromatography (Metrohm IC-system,
METROSEP Anion Dual 1 column, chemical suppression).
Total dissolved iron was measured by flame atomic absorp-
tion spectroscopy (AAS, Varian SpectrAA-20). Fe2+ was
determined by the phenanthroline method (20). Ferric iron
concentration was calculated as [Fe3+] ) [Fe(tot)] - [Fe2+].
Total solid phase sulfur was determined in freeze-dried
samples using a CNS-analyzer (Vario EL, Germany). The
content of total reduced inorganic sulfur (TRIS: FeS2, FeS,
S°) and acid volatile sulfur (AVS: FeS) was quantified
according to ref 21. Total iron was determined by AAS after
digestion of dried sediment with concentrated nitric and
hydrochloric acid (1:1 ratio). Reactive iron and carbonates
were extracted with 1 N HCl (22) in gastight septum bottles.
CO2 was measured in the headspace by gas chromatography
(HP 6890 GC/TCD). The mineralogical composition was
analyzed by Fourier transformed infrared spectroscopy
(Supporting Information).

Acidity Budgets. Acidity was redefined for a heteroge-
neous, iron-rich system with HCO3

- , H2O, NH4
+, HS-, and

SO4
2- as dissolved and FeO(OH)0.575(SO4)0.2125 and Al(OH)3 as

solid-phase reference species. We assumed that at the
equivalence point of HCO3

-, dissolved aluminum and ferric
iron species would precipitate and release protons. As the
reference space of interest is the oxic lake compartment,

ferrous iron was assumed to be oxidized and precipitated as
schwertmannite (FeO(OH)0.575(SO4)0.2125). These consider-
ations are in agreement with the following definition (eq 1):

Acidity fluxes from the sediment columns were calculated
using the in- and output of acidity and using eq 1 (based on
the schwertmannite stoichiometry determined in ref 17).
Speciation was calculated using the PHREEQC algorithm
version 2.8.02 and thermodynamic database (23). The
contribution of aluminum and sulfur species, NH3, and OH-

to acidity fluxes was calculated and found to be <2%
altogether; hence, it was not further considered. Some acidity
sources and sinks were estimated relative to control treatment
C1 using eqs 2-6, representing the generation of protons by
schwertmannite transformation (2), the consumption of
protons by FeS2 and FeS formation in the sediment (3, 4),
and the generation of protons after export and oxidation of
ferrous iron in the lake compartment (5). We assumed TRIS
to be mainly FeS2, as had previously been determined (4, 13)

TABLE 1. Description of Treatments and Contribution of Reactive Iron to the Total Iron Content (A) and TRIS Content (B) in the
Treatments versus Deptha,b

treatment C1 C2 BL BH DL DH

solution control control background (pH 5)c dump (pH 5)d

inflow (mm d-1) ∼5 ∼20 ∼5 ∼20
(L m-2 d-1) 5.9 ( 1.6 20.6 ( 2.0 5.9 ( 1.6 20.6 ( 2.0

depth (cm) C1 C2 BL BH DL DH

A: Contribution of Reactive Iron to Total Iron (%), Reactive Ferrous Iron in Parentheses (%)
-0.4 101.1 (3.9) 75.6 (4.5) 76.5 (3.3) 44.4 (2.5) 44.5 (4.6) 54.4 (4.7)
-1.4 91.1 (3.1) 60.2 (3.8) 56.0 (2.2) 30.3 (1.4) 37.8 (2.5) 30.1 (3.0)
-3.0 68.5 (2.9) 37.2 (4.5) 29.9 (2.9) 19.4 (2.3) 35.4 (4.3) 21.2 (4.1)
-5.0 31.7 (3.0) 23.2 (6.0) 23.3 (3.2) 16.4 (3.8) 28.5 (7.8) 18.2 (4.8)
-7.0 28.1 (3.9) 23.3 (7.5) 18.3 (5.9) 27.8 (9.6) 23.4 (7.8) 22.7 (6.3)
-10.0 37.0 (12.7) 31.2 (15.5) 29.8 (11.3) 29.7 (14.5) 36.2 (17.1) 30.8 (14.6)
-13.5 36.2 (16.1) 27.3 (17.0) 27.4 (15.5) 39.2 (21.7) 49.0 (29.5) 31.4 (16.7)

B: TRIS Content (µmol g-1), AVS Content in Parentheses (µmol g-1, “-” if <0.1)
-0.4 1.8 (0.1) 2.9 (0.1) 1.1 (-) 7.6 (-) 2.9 (-) 8.9 (-)
-1.4 2.1 (-) 2.2 (-) 2.3 (-) 3.9 (-) 2.4 (-) 4.2 (-)
-3.0 3.0 (-) 2.8 (-) 2.6 (0.4) 3.2 (0.1) 2.9 (0.1) 4.6 (0.1)
-5.0 5.5 (0.1) 4.2 (-) 3.3 (0.1) 9.4 (0.1) 5.3 (0.1) 5.4 (0.1)
-7.0 10.2 (0.1) 16.2 (0.1) 9.4 (-) 28.6 (0.1) 12.8 (-) 15.0 (0.3)
-10.0 65.3 (0.1 70.1 (0.1) 54.6 (-) 77.5 (0.1) 58.5 (0.3) 64.6 (0.2)
-13.5 102.8 (0.2) 118.6 (0.1) 127.4 (-) 119.5 (0.4) 141.5 (0.3) 98.8 (-)
a Control C1 was sampled after 10 days, all other treatments after 95 days. b Column labels: first letter B: background iron and sulfate concentrations

in the percolate, D: dump treatments percolated with groundwater rich in ferrous iron and sulfate; second letter: L: low groundwater inflow,
H: high groundwater inflow. c 1 mmol L-1 Fe2+ and 1 mmol L-1 SO4

2-. d 15 mmol L-1 Fe2+ and 10 mmol L-1 SO4
2-.

Ac(HCO3
-) ) 1.575[Fe2+] + 2.575[Fe3+] +

1.575[Fe(OH)2+] + 0.575[Fe(OH)2
+] + 3[Al3+] +

2[Al(OH)2+] + [Al(OH)2
+] + [H2S] + [H+] + [HSO4

-] +
[H2CO3] - [S2-] - [NH3] - [OH-] - 0.425[Fe(OH)3,aq] -

1.425[Fe(OH)4
-] - [Al(OH)4

-] (1)

0.425H2O + FeO(OH)0.575(SO4)0.2125 w FeOOH +
0.2125SO4

2- + 0.425H+ (2)

3.75<CH2O> + FeOOH + 2SO4
2- + 4H+ w FeS2 +

3.75CO2 + 6.25H2O (3)

2.25<CH2O> + FeOOH + SO4
2- + 2H+ w

FeS + 2.25CO2 + 3.75H2O (4)

Fe2+ + 0.25O2 + 0.2125SO4
2- + 1.075H2O w

FeO(OH)0.575(SO4)0.2125 + 1.575H+ (5)
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with the following: R(Ac), rate of acidity generation (mol
m-2 a-1); ∑i)1

n sum over layer i to layer n; ∆ ) difference
between treatment and initial composition in control C1 of
layer i; BDi ) bulk density (g m-3) of layer i; t ) time of
incubation (a); z(H+) stoichiometric factor of H+ in eqs 2-5;
(Xi) ) content of solid-phase X in layer i (mol g-1).

Processes that avoid generation of acidity in the lake
compartment (eq 5) were assigned to be a proton sink
(z(H+): negative sign), whereas ferrous iron release into the
sediment pore water was assumed a proton source (z(H+):
positive sign). Absolute changes in iron solid-phase contents
were small compared to total iron contents. Relative changes
of the different pools were thus calculated and based on the
mean iron content of all treatments. Schwertmannite trans-
formation rates were determined from changes in crystalline
iron contents. Net turnover in the columns was calculated
from vertical advective-diffusive mass balances using con-
centration profiles and temperature-corrected diffusion
coefficients. Additional information is provided in the
Supporting Information.

Results
Column Output. The chemical composition of the effluent
differed among the treatments and compared to the control.
The bromide tracer breakthrough was accelerated in the high
inflow treatments (BH “background high flow”, DH “dump
high flow”), suggesting some preferential flow, presumably
at the wall of the columns (Figure 1 F). The pH in the effluent
increased from below 3 to 3.7 (low inflow) and to 4.7-5 (high
inflow) by the end of the incubation (Figure 1A). In the
background treatments, sulfate concentrations (Figure 1B)
increased on average by 6.2 mmol L-1 (BL, “background low
flow”) and 2.8 mmol L-1 (BH). Ferrous iron concentrations
increased by 8.3 mmol L-1 (BL) and 3.3 mmol L-1 (BH) (Figure
1 C).

In the dump treatments DL (“dump low flow”) and DH,
concentration changes were smaller. Ferrous iron concen-
trations hardly changed along the flow path (∼14 - 15 mmol
L-1), and sulfate concentrations only slightly increased (12-
13 mmol L-1 vs 10 mmol L-1). H2S (max. 26 µmol L-1) was
detected in the outflow of the treatments BH, DH, and DL
after 60-80 days, indicating sulfate reduction. DOC was
initially released, followed by a second output-pulse after
addition of DOC to the input (Figure 1E). More than half of
the added DOC was either retained or mineralized. DIC
concentrations (Figure 1D) followed DOC concentrations
with a short time lag.

Pore Water. The pore water had been exchanged by the
end of the experiment. This was indicated by chloride
concentrations of ∼19 (background treatments) and ∼30
mmol L-1 (dump treatments). In the background treatments,
the sulfate concentration was, accordingly, also lowered to
a maximum of 6.3 mM (BL) and 2.6 mM (BH). Fe2+

concentrations decreased to 8.6 mmol L-1 and 4.2 mmol L-1.
In the treatments percolated with the dump solution, the
sulfate concentration adjusted to a maximum of 16.6 mmol
L-1 (DL) and 14.8 mmol L-1 (DH). Fe2+ concentrations slightly
increased to 16.9 mmol L-1 and 15.8 mmol L-1. Ferric iron
concentrations remained small in comparison.

The pore water pH ranged from 3 to 6 and decreased in
the order BH ≈ DH > DL > BL ≈ C2 > C1 (Figure 2). A
maximum of sulfate and ferrous iron concentrations generally
occurred at a depth of ∼1.4 cm, indicating schwertmannite
transformation and iron reduction close to the sediment
surface.

Solid-Phase Iron. In the uppermost layer of the control
C1, reactive ferric iron consisted mostly of schwertmannite,
as indicated by the characteristic FTIR-bands at 1132 cm-1

(ν3-sulfate), 704 cm-1 (ν Fe-O), and 614 cm-1 (ν4-sulfate)
and by Fe/S ratios of 5.4-6.3 (Figure 3). The schwertmannite
content decreased with depth. Percolation also lowered the
reactive iron (schwertmannite) contents, relative to the
control C1, particularly in the upper 6 cm of sediment (Table
1A, Figure 3). In the treatments with high percolation rates,
reactive iron contents decreased most, from ∼100% of total
iron to 45-55% in the upper layer and from 90 to 32% to
30-16% beneath. In the BL treatment, reactive iron contents
decreased the least and remained on a similar level as in the
control C2. The small schwertmannite transformation rate
in BL coincided with the lowest pH of all percolated
treatments (Figure 2). The data were in agreement with the
results using FTIR spectroscopy and Fe/S ratios (see section
D, Supporting Information). Schwertmannite transformation
rates overall increased in the order C1 < C2 < BL < DL =
DH < BH.

Reactive ferrous iron contents increased in all treatments,
compared to the control C1 by 19-62%, during the incuba-
tion, with the exception of BL. Iron sulfides were primarily
formed in the BH, DH, and DL treatments, in which H2S was
also detected in the outflow. Absolute TRIS contents were
low, reaching concentrations of 0.7-9.4 µmol g-1 dw in the

FIGURE 1. Chemical composition of the column output. Changes
in experimental conditions are marked with dashed lines, input
concentrations with open circles. For bromide (F) the time scale
is given in pore volumes (see (B) for comparison). In control C2,
conditions remained fairly constant over time in comparison.

R(Ac) )

∑
i)1

n

∆[BDi o z(H+) o (Xi)]

t
(6)
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upper 5 cm (Table 1B). The contribution of AVS to TRIS was
in most cases negligible (Table 1B in parentheses).

Acidity Flux from the Sediment. Acidity was exported in
all treatments (Figure 4, Table 2). In the low inflow treatments,
little acidity was released in the first 16 days (17.6 mol m-2

a-1, BL) or even consumed (-5.7 mol m-2 a-1, DL), as the
iron-poor water above the sediment was eluted first. Elution
of pore water rich in ferrous iron and acidity followed.
Subsequently, acidity was released more constantly (31.2-
21.8 mol m-2 a-1 for BL, 13.2-17.7 mol m-2 a-1 for DL). In
the high inflow treatments, acidity was flushed out within
the first 16 days and constantly released thereafter until day
46 (BH: 23.8 mol m-2 a-1, DH: 18.1 mol m-2 a-1). After the
addition of DOC, acidity was strongly released in BH (53.8-
50.9 mol m-2 a-1) due to accelerating production of ferrous
iron and less strongly in DH (17.3-20.4 mol m-2 a-1).

As expected, the total acidity efflux was highest in the
dump treatments (60.5-190.9 mol m-2 a-1). The contribution
of the sediments to the acidity efflux, however, was higher
in background treatments (66-82% vs 9-15%). More ferrous
iron was released from the sediment matrix when iron and
sulfate concentrations in the percolate were low. TRIS
formation and retention of iron as carbonates consumed
only little of the overall acidity flux. Unspecific retention of
ferrous iron played a more important role.

Discussion
Iron and Sulfur Transformations. The release of protons,
iron, and sulfate from the sediment was in agreement with
the transformation of schwertmannite to goethite (Table 1A,
Figure 3) and the reductive dissolution of ferric (hydr)oxides.
Percolation adjusted the pore water chemistry to the
chemistry of the inflowing water. It also raised the pH in the
pore water pH, initially because the original pore water was
displaced by percolate, later because the addition of electron
donors increased iron and sulfate reduction rates (Figure 1).
The pH increase in the percolated treatments accelerated
the transformation of schwertmannite into goethite (Table
2), as transformation rates increase outside the stability field
of the mineral (9, 10). Accordingly, schwertmannite trans-
formation rates were highest in the high inflow treatments
BH and DH, in which effluent pH reached 4.7-5 by the end
of the experiment.

TRIS was formed in the surface layers of treatments that
had reached an average pH value of 4.5-5 and produced H2S
by the end of the experiment (Table 1B and Figure 2). These
values are in reasonable agreement with a pH threshold of
4.9 for the initiation of sulfate reduction, as previously
determined by Küsel et al. (24). However, TRIS contents in
the uppermost sediment layers (0.9-9.4 µmol g-1 dw)
remained small, especially if compared to less iron rich and

FIGURE 2. Pore water profiles in (A) pH, (B) sulfate, and (C) ferrous iron. Data points represent the mean of at least 3 measurements of
the individual sample.

FIGURE 3. FTIR-spectra of pure minerals (A) and selected samples showing increasing transformation from C1 to DH (B). Spectra are means
of 30 scans with a resolution of 2 cm-1.
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pH-neutral sediments in other acidic mine lakes (up to 2100
µmol g-1 dw (11)) and in soft water lakes (up to 200 µmol g-1

dw (6)). Even when TRIS formation in the lower sediment
layers was included, the contribution of this process to the
acidity budget was low (Table 2). Acidity consumption by
the formation of carbonates was small in this experiment
since the bulk sediment remained undersaturated with
respect to siderite. Most of the ferrous iron in the sediments
was bound unspecifically, as previously reported (4). We
assume that ferrous iron was adsorbed on iron oxides in
lower sediment layers (25), but the obtained data do not
allow to clarify this point.

Part of the observed change in process rates was probably
driven by the DOC that was added to the percolate. DOC
concentrations decreased by ∼1.6 mmol L-1 along the flow-
path, and DIC concentrations were elevated by ∼1 mmol L-1

in the output. DOC was, therefore, utilized by microbial
processes in the sediments, similarly as reported by Fröm-
michen et al. (12). The authors observed that the addition
of easily degradable organic matter enhanced iron and sulfate
reduction in acidic and iron rich sediments.

Mobilization of Acidity. Lake sediments have been
perceived as sinks for acidity in acidified soft water (5) and

mining lakes (12), particularly owing to the formation and
burial of iron sulfides (6). More recently have sediments been
recognized as sources of acidity to water bodies. Acidity is,
for example, generated if lake water levels drop, and iron
sulfides in littoral sediments are reoxidized (7), and if
schwertmannite is transformed to goethite in strongly
acidified and iron rich systems (17, 10).

This study demonstrates that increases in inflow of
groundwater may remobilize acidity from previously un-
percolated sediments, even at small flow rates of 5 L m-2 d-1

(Figure 4, Table 2). A mobilization occurred compared to the
unpercolated control and to sustained in situ acidity fluxes
(Table 2). It is also in agreement with field data from Lake
77. Total iron contents were lower by 40-60% in sediments
receiving sustained groundwater inflow, compared to non-
percolated sediments, despite similar iron sedimentation
rates throughout the lake (4). Increasing the flow rate by a
factor of 4 further enhanced the acidity export by a factor of
1.8. Lowering iron and sulfate concentrations from 10 to 15
mmol L-1 to 1 mmol L-1 increased the export by a factor of
2.6. Increases in flow rate, DOC concentration, and lower
iron and sulfate concentrations in the percolate would thus
likely exacerbate a mobilization (Figure 3, Table 2). A

FIGURE 4. Net acidity flux from the sediments. Low inflow treatments are shown on the left, high inflow treatments on the right. The
addition of a carbon source (day 46) and the increase in temperature (day 69) are marked by dashed lines.

TABLE 2. Calculated Acidity Fluxes for Lake Water, Sediment Column, and Pore Water Relative to Initial Column C1a,b

acidity fluxes in the treatments
(mol m-2 a-1)

acidity fluxes in situ
(mol m-2 a-1)

process C2 BL BH DL DH
inflow

< 2 L m-2 d-1
inflow

> 10 L m-2 d-1

schwertmannite deposition 9.4 9.2
overall acidity input into the lake 0 29.1 61.3 60.5 190.9 1.3 27.4
acidity release from the sediment 0 24.0 40.4 8.8 16.3
transformation of schwertmannite in the sediment 25.5 31.0 33.6 18.0 35.9 2.4 0.11
TRIS formation in the sediment -5.1 -0.3 -6.6 -2.1 -2.8 -0.017 -0.12
unspecific retention of Fe(II) in the sediment -19.4 1.0 -19.1 -40.5 -12.6 -0.08 -0.39
retention/formation of FeCO3 in the sediment -0.38 0.36 -0.11 -0.14 -0.45 -0.02 -0.14
Fe(II) release (turnover rates from pore water
concentration profiles)d

4.8 4.0 11.6 3.8 8.0 4.6c 3.6c

a In situ values were taken from ref 4. Positive values indicate an acidity export from the sediment into the lake water compartment. b Positive
values indicate a net acidity input into a hypothetical lake water compartment; negative values indicate retention of acidity within the sediment.
c Calculated from incubation experiments according to data reported in ref 4. d Depth profiles of production rates are provided in the Supporting
Information (section E).
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considerable fraction of ferrous iron provided with the
percolate or reductively dissolved was, however, also retained
by mechanisms that were not investigated (Table 2). These
mechanisms and the chemical controls involved deserve
further attention.

In comparison to the field studies of Peine et al. and Blodau
(4, 13, 17), acidity fluxes, sources, and sinks were much larger
in this experimental study (Table 2). Caution is thus ap-
propriate regarding the extrapolation of the determined rates
to AMD polluted lakes. Such differences are commonly
observed between data stemming from batch, column, and
field approaches (26). In this case, the differences were
probably caused by the addition of DOC, i.e., electron donors
and the physical disturbance of the sediment microstructure.

Despite the limitations of the approach, the suggested
remobilization of acidity seems a realistic scenario for many
AMD polluted lakes. A fairly wide range of percolate
chemistries and flow rates was used and provided consistent
results in the experiments. Schwertmannite rich sediments
are furthermore characteristic for such waters, as has been
shown for AMD polluted surface waters in the United States
and Korea (9, 27), acid mine drainage treatment ponds (28),
and recently also for 18 acidic mine lakes (10). In even more
acidic sediments, increases in pore water pH also lead to
transformation of jarosite and acidity release (29). Seepage
of groundwater into surface waters frequently occurs,
particularly along lakeshores (3, 13, 14, 18). Advective flow
rates ranged from -14.6 to 14.7 L m-2 d-1 in reported studies,
which is a similar range as used in our experiments. Temporal
variations of flow rates occur in lakes across seasons and
years (16, 19), particularly in regions affected by surface
mining. Groundwater flow patterns in these regions may
even be reversed with changes in mining operations and
groundwater management (17). Finally, it has to be con-
sidered that the potential for iron sulfide formation is limited
in these waters because electron donors are in short supply.
The productivity of acidic mine lakes is low (30, 31), and the
organic matter was found to be fairly recalcitrant and was
stabilized by adsorption on iron oxides (32). A mechanism
that could effectively impede the export of acidity will thus
be lacking in many lakes when increases in groundwater
inflow occur.
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