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Abstract To determine the role of organic matter in the
attenuation of acid rock drainage (ARD), microcosm-
based experiments were performed using ARD stimu-
lated with plants and manures. Initial mineralogical,
organic geochemical and microbial analyses indicated
a predominance of goethite, a substantial amount of
organic carbon originating from local sources, and a
bacterial community comparable with those detected
in a range of ARD sites worldwide. After 100 days of
incubation, changes in the mineralogical, organic and
microbiological composition of the ARD demonstrated
that the plant additions stimulate microbes with the
potential to degrade this organic matter but do not
necessarily cause substantial Fe(III) reduction. Con-
versely, the greatest observed stimulation of Fe(III)

reduction, associated with an increase in pH to near-
neutral values, was observed using manure additions.
These results demonstrate that the use of the optimal
natural carbon source is important and can promote the
metabolism of microorganisms potentially fuelling a
range of geomicrobial processes, including iron and
sulfate reduction.
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1 Introduction

Acid mine drainage (AMD) is one of the most wide-
spread forms of water pollution in the world
characterised by surface waters with low pH and ele-
vated concentrations of iron, other dissolved metals and
sulfuric acid (Singer and Stumm 1970; Rimstidt and
Vaughan 2003). This phenomenon is commonly asso-
ciated with environmental disasters from mine spills but
can also arise from natural sources and is then known as
acid rock drainage, ARD (Liao et al. 2016; Queiroz
et al. 2018; Moeng 2019). In most passive ARD treat-
ments, alkalinity generated via sulfate reduction
coupled with organic matter oxidation is preferred
(Costa and Duarte 2005; Williamson et al. 2013; Kim
et al. 2014), but other anaerobic processes that can
generate alkalinity, such as microbial Fe(III) reduction,
have not been studied as extensively.
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Iron minerals formed from pyrite oxidation can be
used as substrate for this form of anaerobic respiration
(Johnson 1998; Cutting et al. 2009). Microbial Fe(III)
reduction may occur in anaerobic sediments under
acidic conditions, coupled to the oxidation of organic
matter (Lovley and Phillips 1986). Adams et al.
(2007) showed that the addition of glycerol and com-
plex electron donors to ARD sediments stimulates the
microbial reduction of Fe(III), leading to an increase
in pH. Natural sources of organic matter may also
stimulate alkali-generating processes such as Fe(III)
reduction, although to what extent the bioavailability
of the organic matter can drive the attenuation of
ARD remains unclear.

So as to investigate these processes, Fe(III)-rich
sediments from an ARD site were used in
microcosm-based experiments involving a range
of natural carbon sources as potential electron do-
nors. The mineralogical and geochemical transfor-
mations taking place, as well as the microbial com-
munities present before and after 100 days of incu-
bation, were determined to investigate the influence
of natural carbon sources on the stimulation of
Fe(III) reduction and hence the contribution to the
ARD attenuation.

2 Materials and Analytical Methods

2.1 Study Site and Sample Collection

The Mam Tor landslide (Castleton, Derbyshire, UK;
Fig. 1) has caused the continuing exposure of the iron-
rich rocks for over 3200 years (Vear and Curtis 1981;
Waltham and Dixon 2000; Rutter and Green 2011).
Due to the continuous exposure of iron-rich rocks to
rainfall, several ARD ponds have formed near the
bottom of the landslide hosting a range of Fe(III)-
reducing bacteria (Adams et al. 2007). More informa-
tion about the study site can be found in the supple-
mental material.

Sediment samples from one of these ponds rich in
Fe(III) minerals (Fig. 1) were collected using a stain-
less steel scoop and transferred into clean glass jars.
Samples of local plants such as reeds, ferns and
Sphagnum moss were collected into pre-furnaced al-
uminium foil bags; acidic pond water (pH ~ 3) was
also collected using clean plastic bottles. Manure
samples were collected using clean glass jars at
Mam Tor (sheep manure) and at Tatton Park, Chesh-
ire, UK (pig and cow manure). The sediment and
water samples were stored in the dark at − 4 °C to

Fig. 1 a Location map and
relevant geology of the Mam Tor
landslide and b the cross section
A-A′ shows the Mam Tor beds
and the Edale Shales; the scarp
zone, transition zone and low
debris zone of the landslide are
also indicated. The bold arrow
indicates the general direction of
the landslide (figure modified
from Skempton et al. 1989 and
Waltham and Dixon 2000)

472 Page 2 of 13



Water Air Soil Pollut (2020) 231: 472

minimise any microbial activity. Plant and manure
samples were stored at − 20 °C until further analyses.

2.2 Microcosm Experiments

Six sets of microcosm experiments were set up in
quadruplicate, using 100-ml sterile serum bottles with
30 g of sediment, 60 ml of acidic pond water and 1 g
of either plant or manure as carbon sources and elec-
tron donors for anaerobic processes. Two control
experiments were set up in triplicate using the same
ratio of sediment to water, and either glycerol
(50 mM) added as a readily bioavailable carbon
source and electron donor in positive controls
(Adams et al. 2007) or without addition of any exter-
nal carbon source (an ‘unamended’ microcosm). All
microcosm bottles were sealed using butyl rubber
stoppers and aluminium clamps, and bubbled with
nitrogen for 15 min to ensure anaerobic conditions.
Three out of four microcosms were incubated at 20 °C
for 100 days; the fourth microcosm of each series was
sampled immediately for measurement of pH, Eh and
iron content, and stored after sampling at − 20 °C to
preserve the initial conditions (initial samples). Slurry
samples of the incubated microcosms were taken un-
der anaerobic conditions after 0, 7, 14, 28, 50 and
100 days of incubation for pH and Eh measurements
using a Basic Denver pH/ORP meter (Denver Instru-
ment Company) with a 3M KCl liquid-filled electrode
(Ag/AgCl reference). Subsamples were filtered
(0.22 μm) and acidified (2% w/v, HNO3) for elemen-
tal analysis on an Optima 5300 dual view ICP-AES
(PerkinElmer, USA) and the concentrations of short-
chain acids, such as acetate and lactate, were deter-
mined by ion chromatography on filtered subsamples
(0.22 μm) using a Bio High Pressure Liquid Chro-
matograph (Dionex, USA) equipped with an IonPac
ICE-AS1 ion-exclusion column (Dionex, USA). The
bioavailable soluble Fe(II) was measured in triplicate
at the same sampling times, using the ferrozine assay
procedure (Stookey 1970), reading the optical absor-
bance (at 562 nm) using a Jenway 6715 UV/visible
spectrophotometer. After incubation for 100 days and
pH, Eh and iron content measurements, subsamples
for microbial analyses were collected and stored at −
80 °C. Afterwards, a composed sample was prepared
using the remaining slurries of each experiment and
subsamples were obtained and dried anaerobically for

Mössbauer analyses. The remaining slurries were
freeze dried and used for other analyses.

2.3 Mineralogical, Geochemical and Microbial
Analyses

The mineralogy and geochemistry of the ARD sediment
and microcosm slurries were monitored using 57Fe
Mössbauer spectroscopy, X-ray (powder) diffraction
(XRD) and X-ray fluorescence (XRF) analyses and the
total organic matter content was quantified using the
sequential loss on ignition method (Heiri et al. 2001,
Beaudoin 2003; see supplemental material for details).
For lipid analyses, freeze-dried and homogenised ARD
sediment (40 g), microcosm slurries (5 g) and local
vegetation or manures (1 g) were extracted using a
Soxhlet apparatus for 24 h with a solution of
dichloromethane/methanol (2:1; v/v). The total lipid ex-
tracts obtained were fractionated using the method de-
scribed by Dickson et al. (2009). After the removal of
elemental sulfur (Blumer 1957), the extracts were
derivatised and analysed by gas chromatography mass
spectrometry (GC-MS; see supplemental material for
details). To determine whether macromolecular
(lignocellulosic) organic matter from the plant and ma-
nure enrichments was used during incubation, residues
of the extracted samples were analysed by pyrolysis
GC-MS (Py-GC-MS; see supplemental material for de-
tails). To identify the bacteria ‘biostimulated’ with the
organic carbon additions, and to investigate their poten-
tial capacity for coupling Fe(III) reduction to the oxida-
tion of organic matter, the bacterial diversity of the ARD
sediment/slurries before (initial time) and after incuba-
tion (100 days) was studied by sequence analysis of
PCR amplified 16S ribosomal RNA genes (16S
rRNA; Bassil et al. 2015; see supplemental material
for details).

3 Results and Discussions

3.1 Mineralogical and Geochemical Characterisation
of ARD Sediment

The XRF analysis of the ARD sediment (Table S1)
showed a predominance of iron reported here as Fe2O3

(89%) and sulfur reported as SO3 (8.4%) with minor
amounts of other elements, probably associated with
phyllosilicates (Allen 1960; Ford et al. 1993), while
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XRD analyses and Mössbauer spectroscopy showed a
dominance of goethite (Fig. 2a). At room temperature
(Fig. 2b), the Mössbauer spectrum of the ARD sediment
was fitted using a single doublet identified as goethite
(δ/Fe = 0.38 mm/s; Δ = 0.56 mm/s; see Table 1 for
explanation of parameters). At liquid nitrogen tempera-
ture (Fig. 2b; Table 1), the spectrum was fitted with two
six-line patterns with different hyperfine magnetic field
values. The value of 462 kOe (δ/Fe = 0.49 mm/s) is
probably from goethite (Eissa et al. 1974; Murad
1989; Bocquet et al. 1992). The smaller value of
431 kOe (δ/Fe = 0.48 mm/s) could originate from one
of two possible causes: an impure goethite (with an

impurity such as Al) or an effect arising from small
particle sizes (van der Kraan and van Loef 1966;
Golden et al. 1979; Mørup et al. 1982; Bocquet et al.
1992). A central doublet (δ/Fe = 0.46 mm/s, Δ =
0.73 mm/s) was also observed in the Mössbauer spec-
trum and was attributed to fine-particle goethite (Larese-
Casanova et al. 2010), in line with the earlier observa-
tions of the smaller hyperfine magnetic field value sub-
spectrum, the crystallite size (40.1 ± 3.5 nm) calculated
from XRD using the Scherrer relation and the low
aluminium content of the sediment (0.5%).

Organic geochemical analyses demonstrated the
presence of substantial amounts of organic matter
(14%) indicating that the site is not carbon limited. Lipid
analyses of the ARD sediment and higher plant vegeta-
tion further suggest inputs from a mix of plants with a
predominant contribution of Sphagnummoss (Table S2
and Fig. S1a; see supplemental material for details).
Macromolecular analyses of the ARD sediment indicat-
ed a macromolecular composition dominated by a rela-
tively high contribution of polysaccharides (44%), a
substantial amount of lignin products (19%), nitrogen
compounds (17%), phenols (12%) and aromatic com-
pounds (7%; Fig. S1b). Comparing the macromolecular
composition of the ARD sediments with those of the
plants again suggests a mixed plant input into the sedi-
ment, with a predominant contribution of Sphagnum
moss, supporting the lipid analyses (Fig. S1b). In sum-
mary, the ARD sediment was dominated by goethite
with a substantial amount of organic carbon originating
from local plants, mainly moss. However, whether the
plant-derived organic components are bioavailable to
the extant microbial community, including bacteria able
to respire Fe(III) in the sediments potentially leading to
ARD amelioration, was investigated using microcosm
experiments described below.

3.2 The Bacterial Community Before Biostimulation

The 16S rRNA gene sequences of the bacteria
inhabiting the ARD were amplified and sequenced to
provide microbial baseline data, which could later be
compared with the bacterial community after biostimu-
lation with organic carbon. Four main phylogenetic
divisions (Fig. 3) were identified in the sediment
(Solibacteres, Alphaproteobacteria, Gammaproteo-
bacteria and Acidobacteria) with a considerable quan-
tity of unclassified microorganisms (30%). Solibacteres
(19%) were mainly represented by microorganisms

Fig. 2 a X-ray diffractogram (XRD) showing goethite (G) as the
dominant mineral phase and b Mössbauer spectra of Mam Tor
ARD sediment. The Mössbauer spectrum at room temperature is
comprised of a single doublet interpreted as being from goethite.
At liquid nitrogen temperature, the spectrum shows the behaviour
expected from goethite with sextets arising frommagnetic ordering
and with a central doublet produced by the superparamagnetism
due to a contribution from very small size particles of goethite
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closely related to the uncultured bacterial clone W2-75.
Alphaproteobacteria included 9% of organisms closely
related to the uncultured clone RS-G2, 4% closely re-
lated to the uncultured Acidisphaera sp. clone
SBLE1E7 and 1% closely related to Acidiphilum sp.
NO-17. Gammaproteobacteria represented 17% of the
total number of bacterial sequences, most closely related
to the uncultured proteobacterial clone BHL3-310I-54.
This bacterial community is broadly consistent with
those reported previously in a range of AMD/ARD sites
worldwide (Bond et al. 2000a, b; Johnson et al. 2001;
Johnson and Hallberg 2003; Kuang et al. 2013).

3.3 Fe(III) Reduction and Microcosm Geochemistry

A series of microcosm experiments were set up using a
variety of carbon sources to determine the effects of
natural carbon sources on a range of anaerobic biogeo-
chemical processes, including Fe(III) reduction. Al-
though differences between the contrasting manure
treatments were observed (Table S3), analyses generally
indicated that manure buffered the pH directly after its
addition (from 3.1 to 4.5) and, thereafter, stimulated the
slow increase in pH to near-neutral conditions (Fig. 4a).
Previous studies already indicated that the alkalinity
increased in passive bioreactors used to treat ARDwhen

different types of manure were used (Gibert et al. 2004;
Choudhary and Sheoran 2012) and our observations
support these observations. The manure additions
caused the highest yield of Fe(II) (43 mM) concomitant
with a decrease in the redox potential (− 102 mV), lac-
tate accumulation (up to an average of 118 mg/l), a
decrease in acetate concentration (Table 2) and, in keep-
ing with the study of Adams et al. (2007), there was an
increase in sulfate concentrations (up to 91.5 mM/l).

In the glycerol-amended microcosms, the pH in-
creased moderately, from 3.2 to 3.8 (Fig. 4a; Table 2).
The Fe(II) concentration rose to approximately 40 mM,
with elevated sulfate concentration (132.3 mM/l), and a
slight increase in redox potential (Fig. 4b). Short-chain
acids, such as acetate and lactate, were below detection
limit (Table 2). In the plant-amended microcosms (Fig.
4a; Table 2), the pH decreased slightly from pH 3.3 to
3.0, probably associated with acetate accumulation
(455 mg/l; Table 2). This suggests a depletion of easily
degradable organic matter that may be attributed to the
presence and stimulation of fermentative microorgan-
isms (Fig. 4; Table 2). In addition, an overall increase in
the redox potential, from 403 to 494 mV, was recorded
along with increases in the amount of Fe(II) and sulfate
(up to an average of 34mM and 66.7 mM, respectively).
In the ‘unamended’ microcosm, the pH also decreased

Table 1 Mössbauer hyperfine parameters obtained from the Mam Tor ARD sediment and microcosm slurries

Sample/addition Ta δ/Feb (mm/s) Δc (mm/s) Hd (kOe) Values reported for α-FeOOH

Before incubation

ARD sediment RT 0.38 0.56 δ/Fe = 0.34–0.38 mm/s; Δ = 0.5–0.7 mm/s (Vandenberghe et al. 1986)
δ/Fe = 0.38 mm/s; Δ = 0.58 mm/s (Olowe et al. 1990) δ/Fe = 0.37–0.39
mm/s; Δ = 0.54–0.58 mm/s (Herbert 1997)

LN 0.46 0.73 δ/Fe = 0.47–0.50 mm/s; Δ = 0.65–0.79 mm/s (Larese-Casanova et al. 2010)

0.48 431 δ/Fe = 0.48–0.49 mm/s; H = 432–469 kOe (Goodman and Lewis 1981)

0.49 462 δ/Fe = 0.47–0.51 mm/s; H = 449–495 kOe (Huggins et al. 1983)

After 100 days of incubation

Plant LN 0.51 472 δ/Fe = 0.36–0.56 mm/s; H = 482–535 kOe (Eissa et al. 1974)

0.48 444 δ/Fe = 0.45–0.46 mm/s; H = 497–504 kOe (Berquó et al. 2007)

Manure LN 0.49 457 δ/Fe = 0.48 mm/s; H = 502 kOe (Bocquet et al. 1992)

0.50 481 δ/Fe = 0.61–0.62 mm/s; H = 500–502 kOe (Brož et al. 1990)

Glycerol LN 0.51 477 δ/Fe = 0.63–0.69 mm/s; H = 495–510 kOe (Dézsi and Fodor 1966)

0.48 451 H = 434–441 kOe (Murad and Bowen 1987)

a T, temperature (RT, room temperature, LN, liquid nitrogen temperature)
b δ/Fe, isomer shift relative to metallic iron
cΔ, quadrupole splitting
dH, hyperfine magnetic field
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slightly (from pH 3.1 to 2.7), associated with lactate
accumulation (151 mg/l), while the overall redox poten-
tial decreased (from 563 to 495 mV) and a continuous,
but less pronounced, increase in the Fe(II) and sulfate
concentrations (up to an average of 14 mM and
44.8 mM, respectively) was observed (Fig. 4b; Table 2).

3.4 Impact on Mineralogy

XRDanalyses of driedmicrocosm slurries after 100 days
of incubation indicated that goethite was still the dom-
inant mineral phase (Fig. 5a, b and c). In accordance
with this, the Mössbauer spectra of all the microcosm
slurries were fitted using the characteristic two sextets of
goethite (Fig. 5d–f; Table 1). The hyperfine magnetic
field values of the microcosm slurries after 100 days of
incubation were higher than those calculated for the
original ARD sediment, possibly related to an increase
in the particle size or the formation of particle clusters
(Tamura and Mizushima 2002). Calculation of the

crystallite size indicated an increase of the particle size,
with a change whenmanure was used from 41 to 59 nm,
on average, and 40 to 45 nm when plant-derived mate-
rial was added, consistent with the reduced hyperfine
magnetic field value reported for the plant-amended
microcosm (444 kOe; Table 1). The central doublet in
the Mössbauer spectrum of the original ARD sediment
(Fig. 2b) attributed to fine particles of goethite, disap-
peared after incubation (Fig. 5d, e and f), suggesting that
fine-particle goethite was bioavailable and consumed
during incubation, similar to previous observations of
the increased bioavailability of fine-grained iron hy-
droxide minerals (Pédrot et al. 2011; Cutting et al.
2009).

3.5 Impact on Bacterial Communities Present

To identify which bacteria were stimulated using the
different natural electron donors used, bacterial 16S
rRNA gene sequences were amplified from selected

Fig. 3 Relative abundances (%) of dominant bacterial populations present in the Mam Tor ARD sediment and microcosms slurries,
stimulated with different organic sources and after 100 days of incubation
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microcosm slurries after incubation. For the unamended
microcosm, Gammaproteobacteria and Alphaproteo-
bacteria represented 37% and 17%, respectively, of
the total number of bacterial sequences. Microorgan-
isms closely related to the uncultured proteobacterial
clone BHL3-310I-54 doubled in relative abundance af-
ter incubation (Fig. 3), consistent with a role in Fe(III)
reduction (Whittleston et al. 2011). Alphaproteo-
bacteria were represented by organisms affiliated with
the uncultured Acidisphaera sp. clone SBLE1E7 (5%)

and to the uncultured bacterial clone RS-G26 (2%).
Unclassified microorganisms represented 35% of the
total number of sequences, with an abundance of ~
1%, each.

In the plant-amended microcosms, Clostridia (70%)
and Alphaproteobacteria (13%) were the most abundant
microorganisms (Fig. 3). Clostridia were chiefly repre-
sented by microorganisms closely related to the
mesophilic and obligated anaerobe Clostridium
nitrophenolicum strain 1D (Suresh et al. 2007). Clos-
tridia are capable of fermenting or degrading plant
polysaccharides, involving the use of enzymes such as
cellulases and xylanases (Cornet et al. 1983; Kato et al.
2004; Thomas et al. 2014). Some Clostridia have also
been detected in acid drainage environments where, for
instance, C. scatologenes SL1 has the capacity to use
side chains of aromatic compounds (Küsel and Dorsch
2000). The Clostridia-related bacteria are, therefore,
probably involved in the degradation of a range of
organic compounds derived from the plants supple-
mented as a carbon source. Other bacteria closely related
toDesulfosporosinus sp. clone K1 represented 8% of the
total number of sequences. Members of the genus
Desulfosporosinus are strictly anaerobic, sulfate-
reducing bacteria that have the potential for alkali gen-
eration and are capable of oxidising a range of organic
compounds to acetate (Alazard et al. 2010; Sánchez-
Andrea et al. 2013).

The glycerol-amended microcosm was dominated by
Gammaproteobacteria (16%; Fig. 3) with microorgan-
isms mostly related to the uncultured Proteobacterial
clone BHL3-310I-54. The addition of glycerol also
favoured selection of Deltaproteobacteria (12%), rep-
resented by microorganisms closely related to the un-
cultured bacterial clone CN2m-bac_h7. Acidobacteria
included 9% of microorganisms most closely related to
the uncultured bacterial clone W7-15, 4% of bacteria
most closely related to the Acidisphaera sp. clone
SBLE1E7 and 3% of bacteria most closely related to
the uncultured bacterial clone WER18. Bacilli closely
affiliated to the uncultured Alicyclobacillus sp. clone
DAAP3B4 represent approximately 5% of the total se-
quences; this bacterium is closely related to
Alicyclobacillus ferrooxidans (NR_044413) and
Alicyclobacillus K23_bac (EF464642) which have been
associated with the oxidation of ferrous iron and sulfate
reduction, respectively. Unclassified bacteria represent-
ed 21% of the total sequences, with an abundance of less
than 3% each.

Fig. 4 Geochemical analyses of the aerobic experiments using
Mam Tor ARD sediment and different electron donors: a pH
variation; b bioavailable Fe(II) concentrations (mM/l); c redox
potential. Closed circles, open squares, open diamonds and crosses
indicate the manure-, plant- and glycerol-amended microcosms
and the control (unamended microcosm), respectively. Bars indi-
cate the error, when they are not visible the error is smaller than the
symbol used
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For the manure-amended microcosms (Fig. 3),
Bacteroidia represented the largest portion of the
16S rRNA gene library. The most abundant sequence
was closely related to the uncultured Paludibacter sp.
clone 17-13 (32%). Paludibacter sp. are fermentative
bacteria with members that have also been identified
in acid drainage environments and in AMD bioreac-
tors amended with complex organic substrates (Lind-
say et al. 2011; Sánchez-Andrea et al. 2013). The
most abundant Bacilli were highly represented by
the Alicyclobacillus sp. clone DAAP3B4, 9% of the
total sequences. Some Alicyclobacilli are able to re-
duce Fe(III) (Bridge and Johnson 1998) and others
such as Alicyclobacillus Y004 are strict heterotrophs,
able to grow at pH values down to 1 (Johnson et al.
2003). Deltaproteobacteria were mainly represented
(6%) by a microorganism closely related to
Desulfovibrio idahonensis CY2. Members of the
Desulfovibrio family are well known to oxidise or-
ganic carbon coupled with the reduction of sulfate

(Reichenbecher and Schink 1997, Abildgaard et al.
2006), which could be released via the reduction of
Fe(III) sulfate minerals (Adams et al. 2007) and can
also be introduced via the addition of manure (Cocos
et al. 2002). It should be noted that D. idahonensis
CY2 could be involved in microbial Fe(III)-reduction,
although this process is not sufficient to support its
growth (Sass et al. 2009).

Of the total 16S rRNA genes detected, 2% were
closely related to the uncultured Geobacteraceae clone
M22_1334. Geobacter species are important metal-
reducing microorganisms given their ability to couple
the reduction of Fe(III) (or other metals) to the complete
oxidation of organic compounds (Lovley et al. 1993;
Zhang et al. 2012; Orellana et al. 2013). Other detected
bacteria included microorganisms closely related to the
Acidobacterial clone T7_12 (2%) and the uncultured
Spirochaetaceae bacterial clone L6-D1 (3%), which
has been detected in sulfate-reducing bioreactors
(Koschorreck et al. 2010).

Table 2 Geochemical data for the microcosms using ARD sediment

Typea Unamended Glycerol Plants Manure

0 d 100 d 0 d 100 d 0 d 100 d 0 d 100 d

Fe II (mM/l) 0.5 ± 0.1 14 ± 0.2 0.5 ± 0.1 40 ± 5 0.8 ± 0.4 34 ± 2 0.4 ± 1 43 ± 4

pH 3.1b 2.7b 3.2b 3.8 ± 0.2 3.3b 3.0b 4.5 ± 0.1 5.8 ± 0.4

Eh (mV) 563 ± 172 495 ± 146 414 ± 0.6 591 ± 5 403 ± 5 494 ± 3 517 ± 87 102 ± 13

Sulfate (mM/l) 9.3 ± 0.2 44.8 ± 1.4 8.2 ± 0.8 132.3 ± 22 12.5 ± 0.4 66.7 ± 3 14.8 ± 3 91.5 ± 27

Lactate (mg/l)c < 0.01 151 ± 6 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 118 ± 12

Acetate (mg/l)c < 0.01 < 0.01 < 0.01 < 0.1 < 0.1 455 ± 7 18 ± 10 < 0.1

Mg (mg/l) 5 ± 0.3 6 ± 0.8 47 ± 0.2 44 ± 0.8 60 ± 0.5 59 ± 7.0 10 ± 0.7 14 ± 2

Mn (mg/l) 1.2b 1.5b 11b 12b 14b 17 ± 1.3 1.1 ± 0.4 1.7 ± 0.6

Organic analyses

OM (%)d 14.3 ± 0.1 14.6 ± 0.1 (0) 14.3 ± 0.1 14.2b (0) 18.8 ± 1.1 18.2 ± 0.9 (3) 19.0 ± 0.1 18.5 ± 0.8 (3)

HMW n-alkanes
(μg/g sed)e,f

3.3 3.3 (0) 4.6 2.5 (46) 4.7–12.5 1.2–2.7 (74 ± 10) 5.2–25 4.5–23 (14 ± 7)

HMW n-alkanols
(μg/g sed)e,f

2.9 2.8 (3) 2.8 0.6 (79) 3.9–4.6 3.3–4.1 (12 ± 14) 8.6–86 5.9–84 (76 ± 15)

Steroids (μg/g sed)f,g 9.8 8.9 (9) 5.1 1.1 (78) 4.3–9.9 3.5–5.2 (27 ± 22) 46–64 38–55 (11 ± 9)

a 0 d = conditions at start of experiment, 100 d = conditions after 100 days incubation
bValue variation < 0.1 units
c Values below the typical routine detection limits (0.01–0.1 mg/l) reported as < 0.01
d Total organic matter
e HMW, high molecular weight, summed concentration over the range C20–C31
f Values reported as a range, values between brackets are percentage of the original concentrations lost after 100 days
g Summed concentrations of C27 to C30 stanols and C27:1, C28:1, C28:2, C29:1 and C29:2 sterols
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3.6 Impact on Organic Composition

Analysis of the organic matter content of the microcosm
slurries after 100 days of incubation indicated a very low
overall loss (up to 3%) of organic matter during incubation
(Table 2). However, although lipids are only a relatively
small part of the overall organic matter present, lipid anal-
yses of the slurries suggest some compound modifications
between the different treatments. The unamended micro-
cosms showed no significant differences between the
amounts of lipids present before and after incubation, with
losses varying between 0% (HMW n-alkanes) and 9%
(steroids). By contrast, the differences for the other micro-
cosms were substantial; most notable were the changes for
the glycerol-amended microcosms, with losses ranging

from 46% for the HMW n-alkanes up to 79% for the
HMW n-alkanols. The addition of glycerol seems to have
stimulated the microbial community in such a way that
some of the original, plant-derived material already present
in the sediment was utilised.

Lipid analyses of the plant- and manure-amended mi-
crocosm slurries also indicated substantially lower amounts
of lipids after 100 days of incubation when compared with
their initial concentrations (Table 2). In the plant micro-
cosms, an elevated level of lipid degradation was observed
with losses ranging from 12 to 74% (Table 2) but this was
not related to an increase in pH and seemed not to stimulate
microbial Fe(III) reduction, probably due to the accumula-
tion of acetate, inhibiting microbial Fe(III) reduction at low
pH (Küsel and Dorsch 2000). Elevated levels of lipid

Fig. 5 X-ray diffractograms (left) andMössbauer spectra at liquid
nitrogen temperature (right) of Mam Tor ARDmicrocosm slurries
after 100 days of incubation. Analysis of microcosms using (a)
and (d) plant material; (b) and (e) manure; and (c) and (f) glycerol.

The XRD analyses show that goethite (G) is the dominant mineral
phase and the Mossbauer spectra are consistent with this
interpretation
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degradation, with losses between 11 and 76% (Table 2),
were also noted in the manure-supplemented microcosms
where the maximum pH amelioration and Fe(III) reduction
rates were recorded. The distribution patterns undoubtedly
indicate that the HMW n-alkanes and n-alkanols from the
manure additions are of higher plant origin (Table S4),
probably originating from the feeding products given to
the animals that produced the manures.

Additional py-GC-MS analyses of a subset of the mi-
crocosm slurries also indicated some variations in the
macromolecular compositions between the original com-
positions and those after 100 days of incubation (Fig. 6;
Table S5). Analyses of the manure-amended microcosms
before and after incubation indicated a substantial drop in
the relative contribution of lignin compounds of 8% (from
33 to 25% of total), while the relative amounts of phenols
increased (+ 5%) and the relative amounts of the other
compound classes remained unchanged (Fig. 5 and
Table S5). Relatively large amounts of lactate were ob-
served at the end of the incubation (Table 2) suggesting the
presence of potential Fe(III) reducers capable of utilising a
range of complex organics (Küsel and Dorsch 2000). The
substantial drop in the relative amounts of lignin suggests
that in these microcosms lignin or other substrates exposed
due to the modification of lignin could be the source of

organic carbon used. However, more research is needed to
confirm this interpretation.

In the unamended microcosms, the original macromo-
lecular composition was dominated by polysaccharides
(44%) with substantial contributions from lignin-derived
moieties and nitrogen-containing compounds (19% and
17%, respectively). After incubation, polysaccharides and
nitrogen compounds (57% and 26%, respectively) domi-
nate and comparable with the manure-amended micro-
cosms, the biggest drop in relative contribution was ob-
served for the lignin compounds (− 8%; Fig. 6 and
Table S5). The plant-amended microcosm was dominated
by polysaccharidemoieties (32–57%), nitrogen-containing
compounds (10–21%) and in the case of reed-amended
microcosm, lignin moieties (37%). The same compound
classes dominated the composition after incubation (poly-
saccharide moieties 27–72%; nitrogen-containing com-
pounds 12–14%; lignin 40%; Fig. 6 and Table S5). How-
ever, in contrast to the manure-amended microcosm to
relative contribution of lignin, moieties did not decrease
in the relative contribution, suggesting that the lignin from
the reed was not as bioavailable as in the manure-amended
microcosms.

The combined results indicate that the biogeochemical
changes in the microcosms were dictated by the type of

Fig. 6 Macromolecular groups obtained from the pyrolysates of the microcosms supplemented with different carbon sources. The
contribution of each group is given in relative abundance. 0d = before incubation; 100d = after 100 days incubation
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amendment used, suggesting that (i) the organic fractions
of the plant and manure additions are not evenly bioavail-
able and (ii) the addition of diverse carbon sources pro-
motes the metabolism of microorganisms which can fuel a
range of geomicrobial processes, including iron and sulfate
reduction (Adams et al. 2007; Church et al. 2007,
Choudhary and Sheoran 2012; Johnson et al. 2012;
Yamada et al. 2014). The experiments support previous
work (Choudhary and Sheoran 2012) suggesting that the
addition of the optimal carbon source is a key factor in
developing a targeted “biostimulation” remediation strate-
gy for sites impacted by acid rock or mine drainage.

4 Conclusions

The microcosm-based experiments using Mam Tor ARD
sediments have shown that the bioavailability of the fine-
sized fraction of goethite and the use of manure as carbon
source can stimulate microbial alkali-generation processes
coupled with the degradation of organic matter. This find-
ing may offer a bioremediation strategy for ARD, due to
the potential efficiency of manure in passive treatments
and its economic viability. However, more research is
needed to identify the bacteria involved in the microbial
processes, and to better understand the natural attenuation
processes. In addition, although this study has focused on
iron reduction, it demonstrates that the use of the optimal
natural carbon source is important and can promote the
metabolism of microorganisms which can fuel a range of
geomicrobial processes. This includes the stimulation of
sulfate reduction in lower Fe systems that could also result
in generation of alkalinity and metal removal through
sulfidation reactions.
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