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• dNP originated in the coal mine waste
were comprised of clay minerals and
quartz.

• nNP in the Tab Simco AMD sediments
were comprised of schwertmannite
and goethite.

• dNP affect Fe and SO4 sequestration by
enhancing heterogeneous nucleation
and growth of nNP.

• nNP dissolution in low-permeability
areas released Fe and SO4 back into
AMD thus uncoating dNP.

• dNP impacts the overall performance of
AMD remediation systems.
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Detrital nano- and micro-scale particles (dNP) originated from the weathering of coal waste represent a signifi-

cant fraction of coal mine AMD contaminant load and play an important role in both sequestration and remobi-
lization of neoformed nano- and micro-scale particles (nNP).
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Pollutants in acid mine drainage (AMD) are usually sequestered in neoformed nano- and micro-scale particles
(nNP) through precipitation, co-precipitation, and sorption. Subsequent biogeochemical processes may control
nNP stability and thus long-term contaminant immobilization. Mineralogical, chemical, and microbiological
data collected from sediments accumulated over a six-year period in a coal-mine AMD treatment system were
used to identify the pathways of contaminant dynamics. We present evidence that detrital nano- and micron-
scale particles (dNP), composed mostly of clay minerals originating from the partial weathering of coal-mine
waste, mediated biogeochemical processes that catalyzed AMD contaminant (1) immobilization by facilitating
heterogeneous nucleation and growth of nNP in oxic zones, and (2) remobilization by promoting phase transfor-
mation and reductive dissolution of nNP in anoxic zones.
We found that dNP were relatively stable under acidic conditions and estimated a dNP content of ~0.1 g/L in the
influent AMD. In the AMD sediments, the initial nNP precipitates were schwertmannite and poorly crystalline
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goethite, which transformed towell-crystallized goethite, the primary nNP repository. Subsequent reductive dis-
solution of nNP resulted in the remobilization of up to 98% of S and 95% of Fe accompanied by the formation of a
compact dNP layer. Effective treatment of pollutants could be enhanced by better understanding the complex,
dynamic role dNP play inmediating biogeochemical processes and contaminant dynamics at coal-mine impacted
sites.

© 2016 Elsevier B.V. All rights reserved.
Coal mining
Detrital nano-and micro-scale particles (dNP)
Neoformed nano-and micro-scale particles
(nNP)
1. Introduction

Over the past century, extensive surface and underground coal min-
ing in the Illinois Basin and other regions of the US has left a legacy of a
large number of abandoned sites,many ofwhich produce drainages that
are acidic and have high contents of S, Fe, Al, and other environmentally
relevant pollutants (i.e., As, Cd, Cu, Hg, Ni, Mn, Se, Pb, and Zn) (Cravotta,
2008; Blowes et al., 2014; Lefticariu et al., 2015).Mitigating the environ-
mental impact of acid mine drainages (AMD) is dependent on
deciphering the highly complex interplays between the physical and
biochemical processes associated with their mobilization, transport, se-
questration, and overall long-term fate in natural and engineered sys-
tems (Küsel, 2003; Gagliano et al., 2004; Burgos et al., 2012; DiLoreto
et al., 2016).

The formation of Fe(III)-rich phases, which in coal mining-impacted
areas form a yellow-orange deposit colloquially known as “yellow boy”,
has been identified as a feasible bioremediation strategy for permanent-
ly immobilizing contaminants through precipitation, co-precipitation,
sorption, and surface complexation (Waychunas et al., 2005; Hochella
et al., 2008; French et al., 2012). These precipitates, typically found as
neoformed nano- and micro-scale particles (nNP), include amorphous
and crystalline phases such as schwertmannite [ideal formula
Fe8O8(OH)6SO4; Bighamet al., 1996], goethite (α-FeOOH), lepidocrocite
(γ-FeOOH), and jarosite [e.g., KFe3(SO4)2(OH)6] (Bigham et al., 1996;
Caraballo et al., 2013; Yang et al., 2015). The unique properties of nNP,
including small size, high surface area, and high reactivity allow them
to dominate geochemical processes, even when present in minute
amounts (Hochella et al., 2008; Navrotsky et al., 2008).

Microorganisms play key roles in Fe and S cycles in low-pH environ-
ments due to their ability to adapt to a remarkable range of extreme
conditions (Sánchez-Andrea et al., 2011; Johnson et al., 2012). In
AMD-impacted settings, the microbial communities are very active in
redox transformation of Fe and as such variousmicroorganisms can cat-
alyze the dissimilatory oxidation of Fe(II) (Fe-oxidizing bacteria-FeOB),
or reduction of Fe(III) (Fe-reducing bacteria-FeOB), or can do both de-
pending on the prevailing environmental conditions (Lu et al., 2010;
Johnson et al., 2012). Remarkably, the iron-metabolizing acidophiles
are highly diverse in low-pH settings, occurring in the domain Bacteria
within the Proteobacteria, Nitrospirae, Firmicutes, Actinobacteria, and
Acidobacteria phyla, and in the domain Archaea within the
Crenarchaeota and Euryarchaeota phyla (Baker and Banfield, 2003;
Johnson et al., 2012), and often establish complex interspecies interac-
tions to better cope with harsh acidic conditions (Comolli and
Banfield, 2014). At AMD-impacted sites, acidophilic microbial assem-
blages vary in their response to temperature, organic carbon, pH, and
geochemical composition of the mine drainages as well as the local hy-
drodynamic conditions (Küsel et al., 2008; Burns et al., 2012). Acido-
philic FeOB are instrumental in Fe(II) oxidation to Fe(III), which
subsequently hydrolyzes and precipitates a wide range of nNP, thus
contributing to Fe immobilization (Küsel, 2003; Lu et al., 2013;
Lefticariu et al., 2015). Substantial amounts of other AMD contaminants
(e.g., heavy metals) are also sequestered by nNP and as such their for-
mation becomes important in controlling pollutants in watershed af-
fected by mining activities (Borch et al., 2009).

Complicating the accurate prediction of contaminant sequestration
are the potential transformations of nNP due to both their aforemen-
tioned physiochemical properties (Navrotsky et al., 2008) as well as
the strong influence of the redox chemistry and reaction kinetics that
control nNP stability (Bigham and Nordstrom, 2000; Waychunas et al.,
2005; Braunschweig et al., 2013). These transformations can be both
abiotic and biologically-mediated and occur predominantly in systems
with fluctuating redox conditions (Küsel et al., 2002; Hansel et al.,
2003; Roden, 2012). The microbial-mediated reduction of Fe(III) can
comprise both aqueous Fe(III), which has a greater solubility in ex-
tremely acidic environments and thus is more bioavailable (Johnson
et al., 2012), as well as solid Fe(III) phases (Zachara et al., 2002; Küsel
et al., 2002; Hansel et al., 2003).

Recent studies have also shown that detrital nano- and micro-scale
particles (dNP) can also act as potential vectors of contaminant trans-
port in mining impacted areas (Hudson-Edwards, 2003; Hochella
et al., 2005). Especially, many surface water systems have been heavily
impacted by the large quantities of dNP released by the active and his-
toric mining activities (Hudson-Edwards, 2016). Increasing attention
has been paid to the environmental fate of the metal-bearing dNP orig-
inating frommining andmineral processing because they pose a signif-
icant environmental threat to organisms, plants, and humans that
directly or indirectly interact with contaminated waters (Nordstrom
et al., 2015; Hudson-Edwards, 2016).

Most research on contaminant transport and sequestration in coal
mining impacted watersheds has focused on dissolved constituents
and the formation of nNP (Dold, 2003a; Caraballo et al., 2009; Burgos
et al., 2012; Lefticariu et al., 2015) and relatively little research has ex-
amined the role of dNP in contaminant transport and particularly on
the complex interaction between nNP and dNP in natural systems af-
fected by coal mining. The normal functions of coalmine treatment sys-
tems are often impeded by the excessive accumulation of precipitates
which can include both nNP and dNP (Lefticariu et al., 2015). Such pre-
cipitates can contribute to armoring of the reactive surface areas of the
limestone, decreasing permeability and thus affecting the retention
time of AMD in the treatment system and consequently reducing the ef-
fective lifetime of such engineered system. Therefore, a better under-
standing of the role of nNP and dNP in the formation of precipitates is
critical to understanding the fate and behavior of contaminants in natu-
ral systems affected by coal mining as well as for designing more effi-
cient remediation strategies in coal mining impacted areas.

The current study characterizes sediments accumulated over a six-
year period in a coal-mine AMD treatment system in Southern Illinois
usingmineralogical, chemical, andmicrobiological data. Special attention
was given to dNP and their relation to nNP so that mechanisms that con-
trol AMD contaminant immobilization and transport in natural and
engineered systems can be elucidated. In AMD sediments, the dNP,
which were dominated by clay minerals originating from the partial
weathering of coal mine waste, played a dominant role in biogeochemi-
cal processes that controlled AMD contaminant behavior. Depending on
environmental conditions, the dNP promoted either contaminant se-
questration as dissolved sulfate and ferric iron precipitate as nNP or re-
mobilization through reductive dissolution of nNP. For the studied AMD
system, we provide an estimate of the dNP influx from the coal mine
waste. A sequence of plausible biogeochemical redox processes that ac-
counts for both S and Fe sequestration as nNP and S and Fe remobilization
during subsequent microbially-mediated transformations is proposed to
explain the coal mine contaminant dynamics in the AMD sediments. To
our knowledge, this study is the first to report the importance of dNP in
contaminant transport in a system impacted by coal mining.
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2. Material and methods

2.1. Tab-Simco acid mine drainage treatment system

Tab-Simco site is an abandoned coal mine located approximately
6 kmSE of Carbondale, Illinois. The site, recognized as one of the highest
contaminated sites in the Midwestern U.S., has been producing persis-
tent contaminated drainage for N40 years, with the AMD containing no-
tably high average concentrations of dissolved inorganic constituents S
(60 mM/L), Fe (16 mM/L), Al (7.6 mM/L), Si (1.7 mM/L) and additional
environmentally relevant metals (i.e., Mn, V, Cr, Cu, Ni, Zn, Co, and Cd)
(Behum et al., 2011; Lefticariu et al., 2015). Two coal seams were
mined in the area, namely Murphysboro and Mount Rorah coal mem-
bers of the Tradewater Formation, which are part of the Pennsylvanian
System in the Illinois Basin (Fig. SI-1). Underground coal mining oc-
curred between 1890 and 1955 and was followed by strip mining of
both coal seams between 1960 and 1975. The mining activities, which
ceased in 1975, left large masses of waste and numerous open under-
ground mine works exposed to weathering. At Tab Simco, the main
source of AMD is the acid waters pools formedwithin the underground
mine works. The AMD discharges through a series of seeps into a small
tributary that runs north before discharging into the receiving stream,
the Sycamore Creek. The reclamation started in 1996 and culminated
with the construction of a remediation system designed to treat the
coal-generated AMD. The remediation system consists of a sulfate-
reducing bioreactor cell (Fig. 1a), two aerobic wetlands, and open lime-
stone drains. The bioreactor cell was lined with an impermeable liner
and comprised, from top to bottom, a N0.5-m standing AMD water im-
poundment, the acid pond (AP), a 2-m thick organic substrate layer
 Influent AMD

Acid Pond

Organic Mixture

Bioreact

 Bioreactor Inlet 
  (Influent AMD)

a

b

Bioreactor Cell

AMD Sediments

Limestone layer

Fig. 1. (a) Overview looking north of the Tab-Simco sulfate-reducing bioreactor treatm
underlying the acid pond, and a 0.3-m limestone layer (Fig. 1b). The or-
ganic substrate layer was composed of 53% woodchips, 27% straw
mulch, 11% seasoned compost, and 9% agricultural ground limestone.
A general description of the study area, the mining history, and the rec-
lamation efforts can be found in our previous reports (Segid, 2010;
Behum et al., 2011).

The influent AMD entered the bioreactor cell at one end then infil-
trated the organic substrate layer where though a combination of bio-
logical and abiotic processes the AMD was treated and subsequently
collected within the limestone layer, where perforated 6″ PVC pipes
and an AgriDrain water control structure were used to discharge the
treated effluent AMD (Fig. 1b). An acid pond formed and grew over
time due to the slow infiltration rates of the influent AMD into the or-
ganic substrate layer. The bioreactor cell was completed in October
2007 and started to treat AMD soon thereafter (Behum et al., 2011).
After 6 years of active operation, decreasingAMDremediation efficiency
made the replacement of the organic substrate layer within the bioreac-
tor cell necessary. During the years of operation, active precipitation of
AMD contaminants occurred in the acid pond and an uneven sediment
layerwith an average thickness of ~40 cmaccumulated on top of the or-
ganic substrate layer.

2.2. AMD sediment morphology

Samples were collected from the Tab Simco bioreactor in July 2013
immediately after the AP was drained and the sediments that had
been accumulating on top of the organic substrate over a 6 year period
were partially exposed. Sediment thickness varied, from ~30 cm at the
Tab Simco bioreactor inlet to N50 cm in areas adjacent to the bioreactor
AGRIDRAIN

Treated AMD

or Cell

 Bioreactor Outlet 
   (Treated AMD)

AGRIDRAIN

ent system. (b) Cross section view of the Tab-Simco sulfate-reducing bioreactor.

Image of Fig. 1
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cell outlet (Fig. 2). The top of the sediments formed a highly uneven sur-
face (Fig. 2a), with a topography characterized by depressions (Fig. 2b)
and uplifted small mounds (vents) (Fig. 2c, d).Within theOM, the inho-
mogeneous distribution of bacterial communities resulted in the forma-
tion of isolated compartments fromwhich biologically produced gasses
were emitted. The upward migration of gasses (i.e., H2S, CO2) through
the organic substrate layer and the newly formed precipitate layerman-
ifested itself as sediment doming and gas vents with location was
marked by gas bubbles at the surface of the acid pond. The vent system
provided greater hydrological connectivity between the acid pond and
the underlying organic substrate layer, thus potentially increasing the
transport of not only gasses out of the organic substrate but also of
AMD from the acid pond into the organic substrate layer. The vents
were unevenly distributed across the bioreactorwithmost of them con-
centrated adjacent to the bioreactor cell outlet. Sediments accumulating
on top of this uneven substrate underwent microbially-mediated
transformations and developed contrasting hydrological properties,
with high-permeability areas (HPA) associated with vent systems and
low-permeability areas (LPA) associated with depressions.

2.3. Sediment core sample collection

Multiple sediment cores were collected in triplicate across the Tab
Simco bioreactor at different sampling points using pre-cleaned plastic
cylinders that were 7 cm in diameter and ~120 cm in length. Before
use, the cylinders were washed with diluted detergent, rinsed with di-
luted NHO3 followed by repeated rinses with DI water, and dried at
room temperature for 24 h.We examined four sediment cores collected
along a transect that stretched from one depression to the top of a prox-
imate vent (Fig. 2a). Immediately after collection, the cores were divid-
ed in segments of ~2 cm length and the individual subsamples were
1.0 m0 0.5

a

c

0.4 m0 0.2

HPA

LPA
HPA

Fig. 2. Overview of the sediment layer accumulated at the Tab Simco passive treatment syst
coalmine AMD. The sediments accumulated on top of the organic substrate matrix under
properties, with high-permeability areas (HPA) associated with vent systems and low-per
sediments have a striking mineralogical stratification, with an abrupt transition from a goethi
in the lower section. (c) Close-up view of a HPA, where the vent system provided greater hyd
and increased preferential transport of not only gasses out of the OM but also of AMD from th
mineralogy dominated by goethite.
described, weighted, and dried at 50 °C for prompt geochemical and
mineralogical analyses, respectively. For pH porewater measurements,
immediately after the cores were sectioned, duplicate sediment seg-
ments were transferred to 50-mL centrifuge tubes and centrifuged for
30min at 8000 RCF to separate porewaters from the sediments. The su-
pernatant was collected and the pH and temperature measured using a
Hanna®multi-sensor probe using the pH electrode Hanna HI769828-1
field probe (pH/ORP) which was calibrated with Orion pH 1.68, 4.01,
and 7.00 buffers and checked against pH 10 buffer.

2.4. Chemical characterization

Quantitative determination of major elements was performed by
total dissolution of sediment samples via strong multi-acid digestion
and inductively coupled plasma mass spectrometry (ICP-MS) at the
AcmeLabs Analytical Laboratories S.A. (Vancouver, Canada). A sample
split of 0.25 g was heated in HNO3-HClO4-HF to fuming and then
dried. The residue was dissolved in HCl and the supernatant analyzed
by ICP-MS in low-, medium-, and high-resolution modes, depending
on spectral interferences. A mixture of single-element standard solu-
tions (OREAS24P and OREAS24E) was used for instrument calibration.
The analytical precision (±1σ) of standard concentration values was
b±0.05%, whereas sample reproducibility was typically b±0.1%. The in-
complete digestion of some detrital refractory materials, which we hy-
pothesized might have been present in our samples, could had been
only partial and thus the results of the ICM-MS analysis could have
been affected. X-rayfluorescence is a physicalmethod that does not suf-
fer from difficulties such as small sample size, incomplete dissolution,
matrix effects and sample inhomogeneity found in the acid digestion
method. Therefore, duplicate splits were analyzed for (1) bulk concen-
trations of major oxides (i.e., SiO2, Fe2O3, Al2O3) by LiBO2 fusion
b

d

LPA

0.4 m0 0.2

0.5 m0 0.25

HPA

em within the bioreactor cell over a 6-year period when the TS actively remediated the
went microbially-mediated transformations and developed contrasting hydrological
meability areas (LPA) associated with depressions. (b) Close-up view of a LPA where
te-dominated mineralogy in the upper section to a clay minerals-dominated mineralogy
rological connectivity between the acid pond and the underlying organic substrate layer
e AP into the OM. (d) Close-up view of a HPA, which was characterized by monotonous

Image of Fig. 2
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followed by X-ray fluorescence (XRF) spectrometer analysis, and
(2) total sulfur (TS) and total carbon (TC) contents were measured by
Aqua Regia/ICP-MS analysis also at the AcmeLabs Analytical Laborato-
ries S.A. Themeasurementswere calibratedusing the following certified
referencematerials SY-4(D), OREAS72B, GS311-1, and GS910-4. The an-
alytical precision (±1σ) of standard concentration values was b±0.1%,
whereas sample reproducibility was typically b±0.2%. The detection
limit was 0.01% for SiO2, Fe2O3, Al2O3 and 0.02% for S. Minimal differ-
ences were observed between the ICP-MS and XRF chemical datasets
suggesting that refractoryminerals, if present, underwent complete dis-
solution during acid digestion. Therefore, in this study we report the
chemical data obtained by acid digestion and inductively coupled plas-
ma mass spectrometer (ICP-MS) analysis.

Total organic carbon (TOC) was determined in dried and acidified
sediment samples using a LECO CR - 844 Carbon Analyzer also at the
AcmeLabs Analytical Laboratories S.A. Powdered samples were treated
with phosphoric acid (1:1) to remove inorganic carbon, dried at
105 °C, and then combusted in anoxygen-rich environment; any carbon
present was converted to CO2 that was carried into a non-dispersive in-
frared (NDIR) detection cell where themass of CO2wasmeasured by in-
frared spectrophotometer analysis. The mass was converted to percent
total organic carbon based on the dry sample weight.

2.5. Acid ammonium oxalate (AAO) extraction

Duplicate dried AMD sediment samples were also subject to acid
ammonium oxalate (AAO) extraction. During AAO extraction proce-
dure, poorly-crystalline ferric and aluminum oxyhydroxysulfate
phases, such as schwertmannite, hydrobasaluminite, and gibbsite,
are dissolved by acid ammonium oxalate (Dold, 2003a, 2003b;
Gagliano et al., 2004; Caraballo et al., 2009). In the case of complex
Fe(III) mineral assemblages, only the poorly-crystalline goethite is
dissolved during AAO, while well-crystallized goethite particles re-
main in solid form (Kumpulainen et al., 2007; Peretyazhko et al.,
2009).

For the AAO extraction, a 50 mg sediment sample was mixed
with ammonium oxalate solution (28 g/L ammonium oxalate
((NH4)2C2O4) + 15 g/L oxalic acid (H2C2O4) solution, pH ∼2.7;
Peretyazhko et al., 2009). The mixtures were then shaken in the dark
for 4 h, then centrifuged (3000 rpm, 10 min) and filtered (b0.22 μm).
The filtered supernatant solutions were analyzed by inductively
coupled plasma mass spectrometer (ICP-MS), as previously described.

2.6. Mineralogical characterization

AMD sediments were characterized for their mineralogy using XRD,
SEM, and FTIR analysis. XRD patterns were collected at Southern Illinois
University in Carbondale (SIUC) using a Rigaku Ultima IV X-ray diffrac-
tometer with CuKα radiation. Diffractometer settings were: 40 kV,
30 mA, and a scan range of 2–65° 2θ, 0.05° 2θ step size, and 20 s
counting time per step. Bulk mineralogical data was collected on ran-
domly oriented powders (e.g., Srodon et al., 2001; Moore and
Reynolds, 1997). The identification of mineral phases was made both
by utilizing the Jade 9.1, RockJock programand by comparing calculated
d-spacing valueswith published crystal structure data. Selected samples
were examined with a FEI Nova NanoSEM 430 field emission scanning
electron microscope (SEM) fitted with backscattered and secondary
electron detectors, coupled with an energy dispersive spectrometry
(EDS) used for semi-quantitative compositional analyses at the IMAGE
Facility, Southern Illinois University.

The FTIR spectroscopy in the middle infrared (MIR) region (4000
cm−1–400 cm−1) was carried out at the University of Illinois at Urbana
Champaign with a MIDAC M2000 FTIR spectrometer fromMIDAC Corp.
(Westfield, Massachusetts, USA) equipped with a DTGS detector. In the
transmission mode the KBr pellets technique was used. The sample
powders (0.5 mg) were mixed and homogenized with 200 mg of
preheated (at 300 °C for 4 h) KBr powder, and then pressed in the
Evacuable Pellet Press for 13 mm pellets, PIKE Technologies up to
109,267 PSI. Prepared pellets were then heated overnight at 150 °C to
minimize water content in the samples and KBr. The raw spectra were
collected after 128 scans of resolution 2 cm−1 and processed using the
OPERANT LLC Essential FTIR software package.
2.7. Synchrotron X-ray analysis

Sediment samples were prepared at Spectrum Petrographic as stan-
dard 27 × 46mm Suprasil 2 A quartz glass thin sections. Two samples
were chosen, namely sample HPA-S3 as representative for a Fe-rich
layer and LPA-S2 as representative for an Si-Al-rich layer. XRF elemental
maps and Fe K XANES spectra were collected using the X-ray micro-
probe at Beamline 13-ID-E (GSECARS) at the Advanced Photon Source
(APS), Argonne, IL. A cryogenic, dual-crystal, Si(111) monochromator
was used to feed monochromatic, undulator X-rays to a dual KB mirror
system which focused the beam to ~1 μm (Sutton et al., 2002). XRF
maps were obtained by scanning the sample in 2 μm steps in a grid
over 500 × 500 μm and collecting the fluorescence (20 msec dwell
time) using a quad Vortex Silicon Drift Detector (SDD). Fe K XANES
spectra were obtained by collecting Fe Kα intensities (fluorescence
mode, 1 s dwell time) as the incident energy was scanned through the
absorption edge (7030 to 7360 eV).
2.8. Microbiological analysis

DNAwas extracted at Southern Illinois University from soil core sec-
tions (stored at -20 ºC) using the PowerSoil® DNA Isolation Kit (MO BIO
Laboratories, Inc.). All sequence processing and analysis steps were per-
formed using the QIIME software package (Caporaso et al., 2010). Se-
quence libraries were split by core ID and filtered to remove sequence
reads of low quality or of length b150 nucleotides. Sequence data was
denoised using Denoiser with default parameters within the QIIME en-
vironment (Reeder and Knight, 2010). Operational taxonomic units
(OTUs) were determined at 97% sequence identity and picked using
uclust with default parameters (Edgar 2011). The PyNAST algorithm
(Caporosa et al., 2010) was used to align reads against the Greengenes
Core reference alignment (DeSantis et al., 2006). Taxonomy was
assigned using the default RDP-II classifier function from within QIIME
(Wang 2007). Chimera detection was performed using ChimeraSlayer
with default parameters (Haas et al., 2011). A phylogenic tree contain-
ing OTUs from all cores was constructed within QIIME using the default
method FastTree 2 (Price et al., 2010).

The OTU table containing OTUs for all coreswas filtered by fractional
abundance less than 0.01 to obtain a list containing the most abundant
OTUs. This list was then used to map OTUs to sequence reads using a
taxonomic ID table to obtain a list of the fourteen most common repre-
sentative sequences across all cores. Iteratively rarefiedOTU tableswere
generated using the standard QIIME pipeline and used to compute aver-
age Chao1 and Shannon alpha-diversity metrics for each core sampled.
Core sample tables rarefied to an even depth of 3910 sampleswere used
to compute distances matrices using the weighted Unifrac method
(Lozupone and Knight 2005). UPGMA hierarchical clustering was used
to generate a similarity tree containing all sampled and sequenced
cores and jackknife supportwas determined for each node using the de-
fault QIIME pipeline.
2.9. Statistical interpretation

The study of the statistical distribution of variables listed in Table SI-
2 and the possible correlations among them (Table SI-2)was performed
with STATGRAPHICS Centurion XVI.I - ×64 statistical software.
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3. Results and discussion

3.1. Sediment chemistry and mineralogy

The examination of in situ sediments inmultiple cores revealed con-
trasting geochemical and mineralogical characteristics in HPA and LPA.
TheHPA sediments displayed relatively uniformmajor element concen-
trations, TOC, porewater pH, and sediment water content (Fig. 3a; Table
SI-1). In HPA-C1 core there were relatively small vertical variations of
FeTOT (Feavg=10,035mM/Kg; 1σ=±573mM/Kg), whichwas the pri-
mary component, STOT below 5 cm (Savg = 847 mM/Kg; 1σ = ±176
mM/Kg), SiTOT (Siavg = 426 mM/Kg; 1σ = ±259 mM/Kg), and AlTOT
(Alavg = 181 mM/Kg; 1σ = ±109 mM/Kg) concentrations (Table SI-
1). We found an inverse correlation between the FeTOT and AlTOT
concentrations, and no significant statistical relationship between
pH and the major element concentrations (Table SI-2). This
chemistry corresponded to a mineralogy dominated by goethite and
schwertmannite, the latter identifiedmostly in the upper (0–5 cm) sed-
iment layer (Fig. 3a). FTIR spectra of HPA-C1 sediment samples in the
MIR region revealed a similar chemical composition of the entire sedi-
ment profile. In the region 3900 cm−1–2700 cm−1 the stretching (ν)
vibrations of Fe\\OH groups related to minerals goethite and
schwertmannite were observed (Fig. 3a). Region 1800 cm−1–1500
cm−1 provided the small band near 1650 cm−1 attributed to bending
(δ) vibration of water molecules (Madejová and Komadel, 2001). The
stretching S\\O bands attributed to schwertmannite were found in
1300 cm−1–950 cm−1 region, whereas the bending mode of S\\O
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patterns of untreated AMD sediments.
groupwas located near 610 cm−1 (Boily et al., 2010). The goethite pres-
ence was confirmed by a couple of bending OH vibrations δ(OH) and
γ(OH) at 892 cm−1 and 797 cm−1, respectively (Farmer, 1974).

Unlike HPA-C1, the sediments from LPA-C4 showed, unexpectedly, a
downcore increase in the concentrations of SiTOT (from 1900 to 10,080
mM/Kg), AlTOT (from 790 to 2800 mM/Kg), and porewater pH (from
2.3 to 6.2) and a decrease in the concentrations of FeTOT (from 8000 to
600mM/Kg), STOT (from650 to 35mM/Kg) and sedimentwater content
(from 82 to 31%) (Fig. 3b). For LPA-C4, significant correlations were
found between pH values on one hand and FeTOT (r = −0.94,
p b 0.0001), STOT (r = −0.88, p b 0.0001), AlTOT (r = +0.95,
p b 0.0001), and SiTOT (r = +0.97, p b 0.0001) on the other hand as
well as among the major element concentrations (Table SI-2). The con-
trasting downcore gradients of Fe\\S and Al\\Si dominated chemistry
corresponded to a striking mineralogical stratification, with an abrupt
transition from a goethite-dominated mineralogy in the upper section
to clay mineral- and quartz-dominated mineralogy in the lower section
(Fig. 3b). This phenomenon was confirmed also by FTIR spectroscopy;
increasing concentrations of Al and Si were identified by enlarging of
stretching and bending vibrations of Si\\O and OH group related to ka-
olinite, illite, and quartz (Fig. 3b). Decreasing or absence of ν(Fe\\OH),
δ(Fe\\OH), ν(S\\O) and δ(S\\O) vibrations was caused by the lower
Fe and S contents and the diminishing contribution of goethite to the
FTIR spectra.

At the microscale, XRF elemental maps of AMD sediments provided
more insight into the complex spatial distribution of selected chemical
elements in samples representative of HPA and LPA (Fig. 4). Based on
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the expectation that the nNP components of these samples consist of Fe-
rich phases (i.e., schwertmannite, goethite, lepidocrocite, and/or
jarosite), Fe was used as an nNP proxy. XRFmaps show contrasting spa-
tial distribution of Fe in the two samples. In HPA-S3, Fe is present as al-
ternating bands of high- and low-Fe, while in LPA-S2 Fe is present
mostly as randomly-distributed, small-scale, high-Fe spots (Fig. 4). To
evaluate the Fe speciation heterogeneity at a small scale, Fe K XANES
spectra were collected in high and low Fe bands in HPA-S3 (spots 1
and 2, respectively) as well as in a high-Fe spot in LPA-S2 (Fig. 4). Com-
parison of Fe K XANES spectra (Fig. 5) shows that all three of these spec-
tra are very similar and indicative of Fe with 3+ valence. This data
HPA-S3 

Fe

Zr

Ga

Ligh
sco

imag

1 2 

max

min

2 

µ

Fig. 4. Images of the LPA-S2 (right) andHPA-S3 (left) samples. Top image are visible lightmicros
XRF maps for Fe, Zr, and Ga. The three labeled locations on the Fe maps are positions where Fe
suggests that Fe2+-bearing phases, such as green rust, were not present
in the AMD samples, and that goethite was probable the main Fe3+

mineral repository in both HPA and LPA sediments, result concurrent
with the XRD and FTIR analyses.

The direct identification by synchrotron XRF analysis of clay min-
erals and quartz, whichwere themain dNP components in our samples,
proved to be more challenging. Aluminum, which is the main proxy for
clayminerals, was difficult tomeasure for two reasons: first, the low en-
ergy X-rays were highly absorbed in the sample and air path to the de-
tector, and second, the possible strong interference from Si, which was
abundant in our samples. Additionally, filtering the detector to reduce
LPA-S2 

 

 

 

t 
pe 
e 

A 

 

 
cope images of the areas chosen for elementalmappingwith theXRM. Below those are the
K XANES spectra were collected (see Fig. 3). All images are 500 × 500 μm.

Image of Fig. 4


Fig. 5. Fe K XANES spectra for LPA-S2 and two spots (high Fe, low Fe) on theHPA-S3 sample (see analysis locations in Femaps of Fig. 4). The inset shows the Fe3+ dominatedpre-edgepeak
structure.
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the Fe fluorescence intensity also prohibited us from seeing Al X-rays.
On the other hand, the micro-XRD data provided chemical information
sufficient to infer the distribution of detrital Si-Al-rich phases. Our ap-
proach was to measure Zr spectra as a proxy for the spatial distribution
of detrital minerals and Ga spectra as a proxy for the spatial distribution
of clay minerals.

Zirconium maps show dispersed high-Zr hot-spots in both LPA-S2
and HPA-S3. In the AMD sediments, Zr was likely incorporated as zircon
(ZrSiO4), which probably originated in the coal mine waste. Zircon is
formed only under extreme temperatures and pressure and at Earth's
surface is highly refractory and found as an accessory, detrital mineral
ubiquitous in sedimentary rocks (Fedo et al., 2003). The size of the
hot-spots in LPA-S2 is relatively larger than in HPA-S3, however in
both cases the hot-spots are randomly-distributed within the sediment
samples. The presence of these zircon grains supports the existence of a
significant detrital component in the AMD sediments.

Because of the similar geochemical characterwithAl, Ga is common-
ly found as a trace component in clays and other Si-Al-rich phases
(Bradley et al., 1993; Brandt and Kydd, 1998). In clays, Ga3+ is incorpo-
rated into nonexchangeable framework positions in the phyllosilicate
sheets (Brandt and Kydd, 1998) and as such in the present work Ga
served as a proxy for clay-dNP. Ga XRF maps show distinct patterns in
LPA-S2 and HPA-S3. In HPA-S3, similar to the pattern seen for the Fe
XRF map, a layered structure is present where, although the Ga counts
are low, there appears to be an inverse correlation between Fe and Ga
where the lower Fe region (upper side) has higher Ga (and by inference
Al) than the higher Fe region (lower side). In LPA-S2 sample, Ga is rather
uniformly distributed, suggesting ubiquitous presence of kaolinite. The
hot spots seen in both Ga XRF maps are high Zr grains which produce
high background in the Ga region of the XRF spectrum.

3.2. AAO extraction of the AMD sediments

The concentration values of AAO-extracted fractions showed con-
trasting trends for nNP-associated elements, namely SAAO and FeAAO,
and dNP-associated elements, namely AlAAO and SiAAO. Additionally,
for all the elements considered, dissimilar depth profiles for AAO-
extracted fractions were mapped in HPA-C1 and LPA-C4 (Fig. 6).

In all AMD sediments, the amount of AAO-extracted sulfur (SAAO)
was practically identical to the amount of total S (STOT) (Fig. 6a, b),
with little or no S left in the sediments after AAO extraction. In HPA-
C1, SAAO displayed the highest values of 1400 mM/Kg in the uppermost
layer, decreasing downcore to 1000 mM/Kg at ~5 cm, and maintained
relative constant downcore concentrations with an average SAAO value
of 800 mM/kg (Fig. 6a). Conversely, in LPA-C4, SAAO decreased continu-
ously downcore from 1200 mM/Kg at the top to 30 mM/Kg at 35 cm, a
concentration value that characterized the Si-Al-rich layer throughout
the bioreactor (Fig. 6b). Since SO4

2− was the only S fraction in the
AMD sediments and the concentrations of SAAO and STOTwere analogous
in both cores, we infer that SO4

2− was probably associated with either
schwertmannite and/or poorly-crystalline goethite, both of which dis-
solved easily during AAO extractions (Peretyazhko et al., 2009).

In HPA-C1, the amount of AAO extracted iron, FeAAO, decreased
downcore from 8000 mM/kg (~90% of FeTOT) at the top to 2100 mM/
kg (~21% of FeTOT) at the bottom, in contrast to FeTOT which exhibited
relatively small vertical variations (Fig. 6a). This implies that
even though the total amount of Fe-rich phases was relatively constant
throughout the core, the ratio of well-crystallized to poorly-crystallized
Fe-rich phases increased with depth as a result of dissolution-
recrystallization processes (Manceau et al., 2000; Peretyazhko et al.,
2009; Caraballo et al., 2013). Comparing the SAAO and FeAAO downcore
trends in HPA-C1, we infer that during transformation of amorphous
and poorly-crystalline Fe-rich phases most of the SO4

2− was retained
within the AMD sediments, most likely surface-complexed by goethite.

In LPA-C4, two contrasting downcore FeAAO trends were mapped
(Fig. 6b). In the top 20 cm, FeAAO decreased with depth from
7100 mM/Kg (~94% of FeTOT) at the top to 1700 mM/Kg (~16% of
FeTOT) at 20 cm,while FeTOT displayed relatively small variations around
an average value of 8860mM/kg, an overall trend similar to that seen in
HPA-C1. Dissimilarly, below a depth of 20 cm, we observed a sudden,
parallel drop in both FeTOT and FeAAO. The Fe concentration values de-
creased more than one order of magnitude from FeTOT = 10,700 mM/
kg and FeAAO = 1700 mM/kg at 20 cm to FeTOT ≤ 500 mM/kg and
FeAAO ≤ 70 mM/kg at a depth of 50 cm. These latter FeTOT and FeAAO
values were mapped throughout the Si-Al-rich layer of the bioreactor.
Overall in LPA-C4, FeAAO decreased markedly downcore from
7100 mM/kg (~94% of FeTOT) at the top to 70 mM/kg (~12% of FeTOT)
at 50 cm suggesting that significant mineralogical changes occurred in
LPA-C4 during the microbially-mediated transformations.

In the upper layers (0–20 cm), similar to HPA-C1, the mineralogical
changes included transformation of schwertmannite and poorly-
crystallized goethite to well-crystallized goethite (Fig. 3a, b). For this
upper layer, we infer that a higher amount of well-crystallized goethite
was present in LPA-C4 since we recorded similar average FeTOT and STOT
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values in LPA-C4 andHPA-C1 cores but extracted 39% less FeAAO and 25%
less SAAO in LPA-C4. In the lower layers (20–50 cm), the dramatic de-
crease in both FeTOT and FeAAO indicate that most goethite, regarding
of its crystallinity, was dissolved while little or no Fe and SO4

2− retained
by the AMD sediments (Fig. 6b).

Conversely, the amount of oxalate extracted aluminum, AlAAO, and
silicon, SiAAO, where relatively small with 4% of Al and 1% of Si were ex-
tractable in LPA-C4 sediments and 15% of Al and 11% of Si were extract-
able in HPA-C1 sediments (Fig. 6). The AAO extraction procedure has
been shown to dissolve poorly-ordered Al oxide and sulfate precipi-
tates, including Al-bearing minerals such as hydrobasaluminite and
gibbsite (Caraballo et al., 2009). In case of our samples theXRDdata pro-
vided no evidence for the presence of any crystalline or amorphous
Al(OH)3 (Al-hydroxide) phases, thus suggesting that the extracted
AlAAO and SiAAO were probably the Al and Si fractions adsorbed and/or
incorporated in the AAO-extractable Fe-rich phases (French et al.,
2012; Sánchez-España et al., 2016). This hypothesis is also supported
by the high molar ratios of FeAAO/AlAAO and FeAAO/SiAAO with values as
high as 230 and 290, respectively, and the SEM-EDS observations
which showed the ubiquitous association of Al and Si with Fe-rich
phases.

For HPA-C1, we found a significant correlation between SAAO on one
hand and FeAAO (r = 0.75, p b 0.0001) and AlAAO (r = 0.74, p b 0.0001)
on the other hand and no significant statistical relationship between pH
and themain element concentrations (Table SI-2b). For LPA-C4, signifi-
cant correlations were found between pH values on one hand and
sediment water content (SWC%) (r = −0.94, p b 0.0001), FeAAO
(r = −0.76, p b 0.0001), SAAO (r = −0.88, p b 0.0001), and SiAAO
(r = −0.94, p N 0.0001) on the other hand. Additionally, we found no
significant statistical relationship between pH and AlAAO (r = −0.23,
p = 0.27) (Table SI-2b).

3.3. Spatial distribution chemical parameters in AMD sediments

At the field scale, examination of the spatial chemical variability
through 2-D profiles extending from a depression to the nearby vent
(Fig. 2a) revealed that extensive geochemical heterogeneities and a dis-
tinctive layered structure characterized the AMD sediments (Fig. 2b).
The contrasting downcore geochemical and mineralogical gradients
(Figs. 3, 6) correspond to a layered structure composed of an upper
Fe-rich layer with an abrupt transition to a localized, lower Si-Al-rich
layer (Fig. 7). These heterogeneities were the result of biogeochemical
processes that occurred within the AMD sediments during the 6-year
operation of TS bioreactor.

The Fe-rich sediment layer was characterized by low-pH porewater,
elevated water contents, high concentrations of FeTOT and STOT, and low
concentrations of AlTOT and SiTOT (Fig. 7; Table SI-1). The upper (0–5 cm)
sediment layer displayed a homogenous composition throughout the
bioreactor and had the highest values for STOT and FeTOT which can be
linked to a mineralogy dominated by schwertmannite and amorphous
and poorly-crystalline Fe-rich phases (Fig. 3). Transformation of these
initially-precipitated phases occurred readily with the formation of
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goethite, themain Fe repository in the AMD sediments, which displayed
increased crystallinity with depth throughout the Fe-rich layer. Com-
monly, FeTOT and AlTOT showed local spatial variations which
corresponded to layers with either high goethite/clay mineral ratios
(higher Fe concentrations; dark-red color) or low goethite/clay mineral
ratios (lower Fe concentrations; light-red color) (Fig. 2b; and HPA-S3
sample in Fig. 4).

Restricted AMD circulation in LPA allowed for more complex
transformation to occur within the AMD sediments, which included ex-
tensive dissolution of goethite and concentration of dNP in an Si-Al-rich
layer (Figs. 3, 4, and 7). The Si-Al-rich sediment layer was characterized
by high-pH porewater, relatively low sediment water contents, high
concentrations of AlTOT and SiTOT, and negligible concentrations of
FeTOT and STOT (Fig. 7; Table SI-1). Mineralogically, the Si-Al-rich layer
was dominated by the presence of clay minerals and quartz, with
minor presence of other dNP (e.g., zircon) (Figs. 3 and 4). Kaolinite
and illite were identified in the XRD and FTIR patterns of AMD samples
from LPA-C4 lower section (Fig. 3b) with the overall clay abundance
proportional to AlTOT. Even though dNP were identified in all AMD sed-
iments (Fig. 4; Section SI-2), LPA contained a higher dNP fraction than
HPA (Figs. 3, 4), probably due to restricted AMD circulation in LPA and
thus lower dissolution rates for dNP in these areas.

3.4. Biogeochemical controls on precipitation and transformation of nNP

Previous research at Tab Simco has shown that dissolved Fe(II), re-
sulted from the oxidative dissolution of pyrite in coalmine waste
(Lefticariu et al., 2006), was oxidized to ferric iron [Fe(III)] in the acid
pond oxic waters either abiologically or by acidophilic iron
oxidation microorganisms (FeO) of the class Betaproteobacteria and
Alphaproteobacteria (Burns et al., 2012). The high molar ratio S:Fe of
4:1 in the acid pond assures ample supplies of SO4

2- for reaction and
thus the produced Fe(III) was predominately complexed by SO4

2- and
precipitated as schwertmannite, whichwas themain Fe phase detected
by powder XRD and FTIR in the upper sediment layer (Fig. 3). The for-
mation of these precipitates consumes substantial amounts of Fe and
SO42- and releases protons.

Pyrosequencing of themicrobial community present throughout the
LPA column indicated that members of the Gammaproteobacteria, the
uncharacterized JG37-AG-4, Acidomicrobiia, and Alphaproteobacteria
classes were the most abundant in the AMD sediments (Fig. 8).
The top 30 cm of the LPA column, corresponding to the Fe-rich layer,
was dominated by bacteria related to the Gammaproteobacteria class
(65%, 45%, and 52% of the OTUs in the 10, 20, and 30 cm sections of
the column, respectively) (Fig. 8). In the 30-50 cm intervals of the LPA
column, corresponding to the Si-Al-rich layer, the abundance of
Gamaproteobacteria phylotypes decreased significantly (12% and 4% of
the detected OTUs, respectively) as abundance increases were detected
for other classes. Because members of this bacterial class have been
implicated in both acidic Fe oxidation and reduction (Shipeng et al.,
2010; Johnson et al., 2012), we predict bacteria corresponding
to these sequences are cycling Fe in the acidic sediments.
Members of the Acidimicrobiia, the uncharacterized JG37-AG-4, and
Alphaproteobacteria (most abundant below 30 cm with 22% of the
50 cmOTUs) (Fig. 8) classes have also been implicated in iron cycling re-
actions in acidic environments (Coupland and Johnson, 2008;
García-Moyano et al., 2012; Johnson et al., 2012) Of particular interest
are species of Acidiphilium (Alphaproteobacteria), some of which are
capable of reducing the Fe(III) in schwertmannite (Shipeng et al.,
2010). In addition to oxidizing Fe(II), members of the Acidimicrobiia
class are capable of reducing Fe(III) under oxygen limiting conditions
(Bridge and Johnson, 1998). It should be noted that OTUs corresponding
to sulfate-reducing bacteria were not detected in the LPA column (data
not shown).

In the AMD sediments, the opposing trends in the geochemical
gradients for FeTOT - STOT and AlTOT - SiTOT (Fig. 3b) as well as in the
abundances of microbial communities (Fig. 8) were probably the result
of successivemicrobially-mediated transformations. Schwertmannite, a
poorly-crystalline nNP, tends to aggregate and transform to
goethite, which is a crystalline, more thermodynamically stable phase
(Bigham and Nordstrom, 2000; Gagliano et al., 2004; Cornell and
Schwertmann, 2003) with subsequent release of structural and
adsorbed SO4

2− back into solution (Rose and Ghazi, 1997; Caraballo
et al., 2013). Goethite, the primary Fe(III)-nNP repository in the AMD
sediments (Figs. 3, 6), has low solubility in aqueous solutions
(Caraballo et al., 2013) and its overall thermodynamic stability is a func-
tion of crystal structure, composition and particle size. Mineralogical
changes observed such as schwertmannite transformation to goethite
and increased goethite crystallinity with depth may be explained by
biologically-mediated Fe cycling processes in the AMD sediments. Sig-
nificantly, the microbially-mediated mineralogical transformations in
the Fe-rich layers seems to be dependent on the local hydrological con-
ditions, with higher ratios of poorly crystalized goethite to well-
crystallized goethite found in HPA.

Based on downcore decreasing FeTOT and FeAAO concentrations
(Fig. 6), Fe minerals occurrence and distribution as revealed by XRD
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(Fig. 3), FTIR (Fig. 3), and XRFmaps (Fig. 4), aswell as the distribution of
microbial communities (Fig. 8), we propose that extensive reductive
dissolution of goethite took place (Fig. 6 a, b), up to total loss of crystal-
line Fe-rich phases in the lower section of LPA (Figs. 4; 6b). Various in-
terconnected mechanisms including protonation, complexation, and
reduction can contribute to the goethite dissolution. The significant in-
verse correlation between FeTOT content and porewater pH in the
AMD sediments (Table SI-2) suggests that protonation had a minimum
effect on goethite dissolution. Complexation by organic chelates and
siderophores (Cheah et al., 2003; Kraemer, 2004), probably abundant
in coal-generated AMD, could have increased the dissolution of goethite
and the bioavailability of Fe(III) for microbial reduction in porewater. A
combination of substitutions and structural defects in goethite crystals
(Manceau et al., 2000) can also accelerate dissolution. Reduction of dis-
solved Fe(III) aswell as amorphous and crystalline Fe(III)-nNP can occur
both abiologically (e.g., via the redox cycling of humic acids; Lovley
et al., 1996) or biologically by the direct enzymatic reduction of Fe(III)
oxides to Fe(II) by dissimilatory FeRB (DIRM, Lovley, 1991; Lovley
et al., 1993). While in many environments goethite is less energetically
suitable as electron acceptor for FeRB, in the AMD sediments, additional
H2 and organic ligands from the underlying organic substrate layer
could have provided inorganic electron donors for FeRB (Johnson and
Hallberg, 2008). The net reactions for bacterial iron reduction, then,
are strongly acid consuming and highly pH-dependent. While current
data cannot unequivocally determine the single importantmechanisms,
we suggest that a combination of abiotic and biological processes to-
gether with the development of favorable local conditions resulted in
goethite dissolution.

3.5. Role of clay-dNP in AMD contaminant dynamics

Clay-dNP had a profound bearing on biogeochemical processes at
the Tab Simco site due their unique properties, which include small
size, large surface area, layer charge, and chemical reactivity towards
both neutral and charged species as well as microorganisms.

Clayminerals, chiefly kaolinite and illite/smectite, are themain inor-
ganic constituents in coals of Tradewater Formation (Murphysboro and
Mt. Rorah coals) and overburden at the Tab Simco site (Fig. 9a), with
Al2O3 content up to 20 wt% measured in low-temperature ash
(Lefticariu, 2009). The progressive weathering of coal and rapid
dissolution of pyrite generates AMD enriched in dissolved Fe, SO4
2−,

and heavy metals (Lefticariu, 2009) and leaves behind a residual com-
posed of macerals, clay minerals, and quartz (Fig. 9b).

Under acidic (b2.5) conditions, such as those in the Tab Simco coal
mine waste (Segid, 2010), proton-promoted dissolution of clays results
in decreased particle size and increased specific surface area, porosity
and surface reactivity (Galan et al., 1999; Pentrak et al., 2012). Protons
tend to adsorb on exchange sites and replace interlayer cations thus ini-
tiating a slowdecomposition of thephyllosilicate layers by liberating oc-
tahedral cations (Komadel andMadejová, 2006). The extent of clay-acid
interaction is controlled by crystal structure and chemical composition
(Jozefaciuk and Bowanko, 2002) as well as solution chemistry. In
mixed clays, preferential dissolution of smectite (Metz et al., 2005;
Vazquez et al., 2011) is often observed over illite (Shaw et al., 2009;
Bibi et al., 2011) and kaolinite (Cama et al., 2002; Bibi et al., 2014), the
latest beingmore resistant to acid attack due to restricted access of pro-
tons to the interlayer space and preferential dissolution limited to the
particle edges.

At Tab Simco, we found that clay-dNP are relatively stable under
low-pH conditions both in coal mine AMD and AMD sediments.
Additional laboratory analyses of the AMD suspended load
samples and AMD sediments treated by CDB (citrate-dithionite-bicar-
bonate extraction procedure) revealed the omnipresence of clay
minerals (Section SI-2). The acid-modified clay-dNP have unique
properties (Komadel and Madejová, 2006), including high surface
area/volume ratios as well as increased reactivity and catalytic proper-
ties, and thus provide a unique framework for interrelated microbial
and geochemical processes. Microorganisms, which are often present
at or near clay surfaces as these are enriched in ions and organic matter
relative toAMD (Kostka et al., 2002; Theng andOrchard, 1995), promot-
ed complex biogeochemical reactions in AMD sediments. Concurrently,
bacterial coatings and biofilm formation (Konhauser and Urrutia, 1999;
Dong et al., 2009; Vasiliadou et al., 2011;Mueller, 2015),whichhas been
observed in the presence of clay minerals (Maurice et al., 2001a), in-
cluding smectite (Alimova et al., 2009; Perdrial et al., 2009), could
have protected clay surfaces from sustained acid attack and created
microniches for optimal microbial processes.

The clay-dNP provided reactive surfaces for heterogeneous nucle-
ation and growth of nNP, especially Fe(III) phases (Fig. 9c) that have
very small solubility products at low pH. At TS, this process was
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Fig. 9. SEM images of solid components of the Tab-Simco remediation system. (a) Unweathered Murphysboro coal sample containing bands of organic macerals (smooth areas)
intermixed with mineral matter dominated by clay minerals (kaolinite). (b) Weathered Murphysboro coal sample showing a residual layer of clay minerals (upper section) and coal
macerals (lower section). (c) Schwertmannite, the chief minerals found in the uppermost AMD sediment layer with morphology resembling a coral like structure. (d), (e), and
(f) Goethite, the dominant mineral in the Fe-rich layer of the AMD sediments, forms aggregates that completely covered detrital particulates. Formation of these coatings could have
further protected detrital particulates for dissolution. (g) and (h) Detrital clay minerals, which in the lower section of Si-Al-rich layer of the AMD sediments are not coated by Fe-
precipitates.
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extensive since, as showed by XRD, FTIR, SEM data as well as in Fe XRF
maps, dNP became totally encrusted within Fe(III)-nNP (Fig. 9 c-f).
These Fe(III)-nNP coatings changed the surface reactivity and the point
of zero charge (PZC) value of dNP and thus further modified the surface
retention capacity for AMD pollutants. In the acid pond, increased
particle size and variable charge surfaces of the growing nNP promoted
flocculation, settlement, and ultimately the formation of the AMD sedi-
ment layer in the Tab Simco bioreactor cell.

In contrast, microbially-mediated processes in the AMD sediments
catalyzed by clay-dNP promoted transformation and dissolution of

Image of Fig. 9
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nNP (Fig. 9 g, h). For example, the dissolution of goethite in the lower
LPA (Fig. 6) could have resulted from a positive feedback process en-
hanced by clay-dNP: dissimilatory bacterial reduction of Fe(III) generat-
ed Fe(II) in porewater, which could have either diffused upwards or be
adsorbed on goethite surfaces, which in turn accelerated the dissolution
of goethite and thus produced more bioavailable Fe(III) for reduction.
Partial dissolution of clay-dNP combinedwith FeRB processes generated
porewater alkalinity, which changed local geochemical conditions and
further favored FeRB activity (Komadel et al., 2006). This positive
feedback was highly efficient only locally in the AMD sediments
where AMD influx was restricted, such as in the lower LPA. Sustained
AMD influx in the upper Fe-rich sediment layers and throughout HPA
assured that any dissolution was balanced by fresh precipitation of
Fe(III)-nNP (Figs. 6, 7).

Sediment transformations also comprised decreasing water content
(Fig. 7) throughmineral dehydration, transformation, and dissolution as
well as sediment compaction. Dissolution of nNP favored the formation
of a compact, low-permeability dNP layer (Fig. 4) capable of further de-
creasing AMD flow from the Tab Simco acid pond into the organic sub-
strate layer. Over time, decreased AMD remediation in the bioreactor
cell, as observed at Tab Simco, may have been related to the sealing
properties of the clay-dNP layer.

3.6. Calculation of the dNP influx at Tab Simco

We estimate an average dNP influx to the Tab Simco bioreactor cell
of ~0.1 g/L using an average AMD flow rate of 70 L/min and a total
AMD sediment volume of 1210 m3 and assuming that most dNP are
concentrated in the Si-Al-rich layer (SI, Section S1). Sediment chemical
analysis shows that for every mol of dNP influx, 2–14 mol of S and 7–
44 mol of Fe were initially sequestered as nNP. Decreasing S/Fe molar
ratios from 4/1 in the AMD influent, to 1/6 in the upper sediment layers,
and further to 1/20 in the lower sediment layer point to overall low S se-
questration in the AMD sediments. Our results also show that S, which
in AMD sediments was predominantly associated with AAO fraction,
could be easily remobilized during dissolution-recrystallization
processes.

Iron sequestration as nNP in the AMD sediments, initially,was great-
ly efficient. However, long-termFe sequestrationwas dependent on dis-
similatory FeRB processes, which in turnwhere dependent on restricted
access of AMD to the AMD sediments. Compared to HPA, increased re-
ductive dissolution of goethite resulted in Fe mobilization with ~50%
Fe loss in upper LPA and up to ~95% Fe loss in lower LPA. During the
six years of bioreactor operation, we estimate that N90% of S and N50%
of Fe, initially sequestered as nNP were remobilized in solution through
mineral transformation and dissolution. Work in progress at Tab Simco
shows that the mechanisms of promoting sequestration and/or mobili-
zation of themajor AMD contaminants (e.g., Fe, S) were also a template
for the behavior of trace metals, with major implications for long-term
contaminant transport and immobilization in coal mining-impacted
watersheds.

4. Conclusions and environmental implications

Our study demonstrates for the first time that dNP inherited from
the coal minewastes can persist in low-pHmine drainages and become
a support for biogeochemical processes that control the fate and trans-
port of contaminants in watersheds affected by coal mining. At Tab
Simco remediation site, the dNP fraction dominated by clay-minerals
and quartz played a fundamental role in AMD contaminant dynamics.
The presence of dNP highly enhanced AMD contaminant immobiliza-
tion by providing support for nNP heterogeneous crystallization follow-
ed by precipitation. It is proposed that the AMD sediment started
accumulating as quartz- and clay-dNP coated with schwertmannite
and poorly-crystalline goethite. Sulfate, the chief dissolved component
in coal mine AMD, was initially sequestered either as SO4-rich nNP
(e.g., schwertmannite) and/or surface-bound to poorly-crystalline goe-
thite. Depending on local hydrological conditions, subsequent transfor-
mations of nNP resulted in partial or total SO4 remobilization. This result
is significant since it shows that SO4

2−, which in AMD sediments at Tab
Simco was exclusively associated with AAO extractable fraction, can be
easily remobilized during subsequent microbially-mediated processes.
Iron, which is also a major dissolved contaminant in coal mine AMD,
was predominantly sequestered in AMD sediments as Fe(III)-rich nNP
(e.g., goethite). However, similar to S, the Fe(III)-rich nNP were subse-
quently prone to dissolution/recrystallization processes. When the bio-
geochemical conditionswithin the AMD sediments started favoring iron
reduction, the well-crystallized goethite nNP coatings were dissolved
that resulted in partial or total Fe remobilization which left behind a
dNP-rich layer dominated by clay-minerals and quartz. Overall, recrys-
tallization and dissolution of nNP greatly contributed to remobilization
of coal mine AMD contaminants.

In watersheds affected by coal mining activities both dNP and nNP
can contribute in complex and subtle ways not only to local contami-
nant immobilization but also to long-run contaminant transport since
coated dNP may be less affected by dissolution and thus prone to
long-distance contaminant transport and dispersion. Promoting the
precipitation of Fe(III)-rich nNP in natural and/or engineered system
(e.g., engineered wetlands, terraced iron formations), can only be a
short-term approach to AMD remediation, since subsequent transfor-
mations of the AMD sediments may result in contaminant remobiliza-
tion. Excessive accumulation of precipitates as unwanted scale and/or
layers within different components of a natural watershed and/or
AMD remediation system, such was the case of Tab Simco sulfate-
reducing bioreactor, can further impede the normal functions of these
natural and/or engineered systems. Furthermore, nNP can incorporate
toxic elements (e.g., Cd, Cr, Ni, Pb, and Zn) either structurally or
adsorbed, so the solubility of nNP may govern the sequestration and
transport of contaminants in coal mining impacted sites.

Highlighting the key role that dNP play in contaminant transport
and sequestration, could lead not only to better understanding ofmech-
anisms that govern the transport, immobilization and removal of con-
taminants in watersheds affected by historical and active coal mining
activities but also to novel, better technologies for treatment of contam-
inated drainage associated with coal mining and beyond. Finally, other
areas of coal and coal waste utilization, such as the design of bio/geo-
engineering technologies for metal recovery from mining waste, may
benefit from our findings.
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