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ABSTRACT

Acid mine drainage (AMD) is one of the most serious threats to the environment
in coal mining regions. To try to determine appropriate treatment methods I evaluated the
distribution of aqueous chemical species, Fe(IIl) minerals, and Fe- metabolizing bacteria
in AMD-derived, Fe(Il)-rich sediments within an AMD-impacted area of Northeast
Ohio. A major goal of this work was to evaluate the depth-dependent distribution of
microbially mediated redox reactions within the sediments. This research shows that
aqueous Fe(Il) was depleted in the sediments near the sediment-AMD interface, but
increased with depth in the upper 2.5 cm of the sediments. This increase in Fe(II)
concentration was likely due to Fe(III) reducing bacterial (FeRB) activities, since they
were most abundant at approximately this depth interval, and poorly crystalline Fe(III)
phases in the upper sediments were transformed to goethite (a-FeO(OH)) in deeper
sediments, which is an indicator of FeRB activities. I also observed relatively uniform
abundances of culturable Fe(II) oxidizing bacteria (FeOB) throughout the sediments,
and aqueous Fe(II) was depleted below the 2.5 cm depth interval, despite minimal O,
availability at these depths. These results indicate that while FeRB may be active in
shallower regions of the sediments, FeOB remain active throughout the sediments, and
may mediate transfer of electrons from deeper, O_-depleted portions of the sediments to

shallower, O,-rich portions of the sediments.
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CHAPTER I
INTRODUCTION

Acid mine drainage (AMD) is the outflow of acidic water from surface or
underground mines. This occurs naturally in some environments as part of the rock
weathering process but mining and other large construction activities within rocks that
contain an abundance of sulfide minerals exacerbate the problem. Upon exposure to
air and water, oxidation of metal sulfides within the surrounding rock generates acidity.
Bacteria and Archaea accelerate the oxidation of metal sulfides, further contributing to
the development of acidic fluids. These microbes occur naturally in the rock, but limited
water and oxygen supplies serve to minimize their activities (Meilke et al., 2003). The
effect of AMD can be devastating to an area. When metal-rich AMD enters surface
waterways, dissolved iron precipitates as an oxyhydroxide that smothers aquatic life and
stains streams a rust-orange color (Lichvar, 1997). Furthermore, the acidic water coming
out of the mines can lower the pH of the nearby streams, making them inhospitable for

most non-microbial aquatic life (Lichvar, 1997).

Biogeochemical reactions in AMD-induced iron mounds

Biologically-mediated element cycling is directly related to electron transfer (or
redox) reactions. An understanding of biogeochemical redox processes is crucial for
predicting and protecting environmental health and can provide new opportunities for
engineered remediation strategies. Energy necessary to sustain life can be yielded
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by means of redox reactions via the oxidation of labile organic carbon or inorganic
compounds (electron donors) by microorganisms coupled to the reduction of electron
acceptors. Environmental redox processes play key roles in the formation and dissolution
of mineral phases (Borch et al., 2009). AMD results from the microbially mediated
oxidation of pyrite on exposed mineral surfaces. A general equation for AMD generation

is (Banks et al., 1997):

2FeS,+2H0+70, — 2 Fe* + 4 S0> + 4 H' (Eq. 1)

Sulfide mineral oxidation creates an acidic discharge that contains high levels of
sulfate and dissolved metals such as Fe(II) (ferrous iron), aluminum, and manganese
(Newcombe and Brennan, 2010). The dissolved metal in Appalachian coal mine drainage
of greatest concern is Fe(Il). The oxidation of the sulfide to sulfate and resulting
acidification of fluids solubilizes the Fe(II), which upon reaching the terrestrial surface is

subsequently oxidized to ferric ions (Blodau, 2006):

4Fe* +0,+4 H" — 4 Fe* + 2 HO (Eq.2)

Iron-rich formations are usually developed during the oxidation and hydrolysis/

precipitation of dissolved iron in the acidic solutions after they emerge from the

subsurface (Espana et al., 2013).

Fe'" +3 H,0 — Fe(OH), + 3 H' (Eq. 3)

When AMD emerges and flows over the terrestrial surface with a water column height

between 0.5 and 1 cm, it is considered a “sheet flow.” This “sheet-flow” characteristic



enhances the aeration of initially anoxic AMD. When the Fe(Il) is oxidized, the resulting
Fe(IIT) will hydrolyze and precipitate (Eq. 3; Martin et al., 2003). The abiotic oxidation
of dissolved Fe(Il) is kinetically limited in the pH range typical of coal mine-derived
AMD, but aerobic acidophilic iron-oxidizing bacteria (FeOB) can mediate this reaction
in these systems leading to the formation of crusts composed predominantly of Fe(III)
hydroxide phases that can grow up to several meters thick and are referred to as “iron
mounds” (Senko et al., 2008, 2011). As iron mound sediments accumulate, diffusion

of atmospheric O, into the iron mound sediments may be limited, giving rise to anoxic
regions of the sediment where Fe(III) reducing activity (and perhaps sulfate reducing
activity) will occur, leading to the reductive dissolution of Fe(IlI) hydroxides, and release
of soluble Fe(Il) (Martin et al., 2003). Fe(Il) oxidizing bacteria have to adapt to the
continual burial within the iron mound as they are buried by their own waste of Fe(III)
hydroxide phases that limit their oxygen supply.

Biogeochemical redox reactions in iron mounds are initiated by the activities of
aerobic FeOB, which may be dependent, in part, on the vertical diffusion of O, within
the AMD fluid and iron mound, potentially giving rise to aerobic/Fe(Il)-oxidizing and
anaerobic/Fe(Il)-reducing zones occurring within scales of millimeters to centimeters
(Meier et al., 2004). Dissimilatory sulfate-reducing bacteria reduce inorganic sulfate or
other oxidized sulfur forms to sulfide. This sulfide is not incorporated into the organism
but is released as "free" H,S (Hammack et al., 2013). High concentrations of dissolved
iron in ground water develop only if there is little or no sulfate reduction. This is because
biogenic sulfide tends to precipitate ferrous iron as iron sulfides (Berner, 1969). Studies
of anaerobic aquatic sediments have shown that sulfate reduction is largely absent if
sediments contain abundant Fe(IIl) oxyhydroxides. Rather, sulfate reduction is only
observed after Fe(IIl) is depleted (Froelich et al., 1979). If sufficient Fe(III) is available

(as is the case in the iron mound sediments), Fe(III)-reducing microorganisms out



compete sulfate reducers and maintain concentrations of electron donors at levels that are

too low for sulfate reducers to metabolize (Lovely and Phillips, 1987).

Extracellular electron transfer by microorganisms

It is becoming increasingly evident that individual microorganisms and microbial
communities may exploit “charge separation” between electron donors that are spatially
separated from electron donors (Nielsen et al., 2010), via processes referred to as far-
afield extracellular electron transfer (EET). It is possible that microbial nanowires may
influence the transfer of electrons from Fe(Il) to O, and from organic carbon to Fe(1II)
phases, where microorganisms facilitate and exploit the movement of electrons from
relatively reducing to relatively oxidizing regions that are spatially separated (Revil et
al., 2010). Nanowires are modified pili, which may be used to establish connections to
electron donors and terminal electron acceptors in anoxic conditions. Anoxic conditions
will occur if the rate of oxidation of organic matter by bacteria is greater than the supply
of dissolved oxygen (Nielsen et al., 2010). Iron mounds can serve as excellent models
for examining far-afield extracellular electron transfer (EET) and bioelectrochemical
phenomena within sediments. EET may facilitate the transfer of electrons that could
otherwise not be achieved under the physiochemical conditions in immediate proximity
to individual cells. Figure 1 shows a conceptual model (modified from Senko,
unpublished) for how electrons may be transferred in an iron mound system, whereby
electrons may be transferred from deeper, relatively reducing regions of the iron mound
to shallower, relatively oxidizing regions of the iron mound via integrated networks
of microorganisms, conductive microbial nanowires (or other conductive extracellular
materials) and Fe(III) mineral phases. The ability of AMD-associated microorganisms to

use Fe species as an electron donor or acceptor may allow them to remain metabolically
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active in the same spatial location despite changes in the prevailing redox conditions.
Anaerobic processes are likely quite important in the overall process of EET due to the
geochemical consequences of such activities. Another geochemical consequence of
anaerobic versus aerobic processes in AMD-impacted systems is the formation of pH
gradients, and consequent charge gradients, with aerobic Fe(II) oxidation giving rise to
lower pH values, and anaerobic Fe(Ill) and sulfate reduction giving rise to higher pH

values (Peine et al., 2000).

Hypotheses

The broad hypothesis guiding this work is that microbial communities may be
integrated in iron mounds via conductive networks composed of cells, Fe-containing
minerals, and microbial nanowires that allow oxidation to occur at depth within the iron
mound (Fig. 1). I hypothesize that vertical geochemical and mineralogical gradients
should be evident within the iron mound, and are indicative of microbiological activities.
If Fe(IT) concentrations within the iron mound decrease at varying depths it indicates
that there are oxidizing zones. If there is a decrease in sulfate concentration, then Fe(II)
concentrations should increase concurrently, which is suggestive of anaerobic activities.
If distributions of FeRB and FeOB are dependent just on vertical diffusion of O, within
the sediments, I would expect to see more FeOB on top and more FeRB at depth. If “far
afield” electron transfer occurs, I would expect to see a uniform distribution of FeOB and

FeRB.



Approach

The vertical distributions of aqueous chemical species, Fe(Il) phases, FeOB, and
iron-reducing bacteria (FeRB) must be established in order to evaluate the dynamics of
electron transfer in the iron mounds. I determined depth-dependent gradients within
the iron mound by characterization of material I collected from iron mound cores. 1
evaluated the aqueous chemistry at various depths within the iron mound sediments
as well as abundances of FeOB and FeRB using culture-dependent approaches. By
understanding the prevailing chemical conditions, iron mineralogy, and distributions of
FeOB and FeRB, I was able to predict the dynamics of the flow of electrons in the iron
mound, and determine if Fe(II) oxidation occurs exclusively at the surface or at depth

within the iron mound.



CHAPTER II
METHODS

The AMD-impacted site examined in this study is located in North Lima, Mahoning
County, Ohio and is referred to as the Mushroom Farm (Figure 2). A house on the
property roughly sits atop an abandoned underground coal mine, and land surrounding
the Mushroom Farm was more recently disturbed due to surface mining activities to
exploit the same coal seam that was excavated during underground mining activities
(Cheryl Socotch, personal communication). A mushroom farm is set to the side of the
property where mushrooms were cultivated until the early 1990°s. After mushroom
farming stopped, AMD seeps developed throughout the property. The AMD filled the
basement of the house and began seeping out of the window well into the surrounding
yard (Figure 3).

AMD with pH 4.5 and a Fe(I) concentration of 12 mM flows downhill as a 0.5
-1 cm sheet and oxidation of Fe(II) in the AMD has led to the development of an iron
mound that covers an area of approximately 45 m (Gouin et al., 2012). As the AMD
flows over the terrestrial surface FeOB activities lead to the removal of >90% of the
dissolved Fe(Il) over a distance of 30 m, via the oxidation of Fe(II), and subsequent
hydrolysis of biogenic Fe(IlI) (Gouin et al., 2012). The iron mound is covered in a
sheet flow throughout the year, which prevents it from drying out and contracting
during the dry season. Similarly, freezing of the AMD in the study region of the iron
mound has only been once (winter 2014) in the period spanning 2009 to 2014 (Senko,

personal communication). At a portion of the iron mound that is approximately 6 m



pus

Geneva
=Austinburg
: : fi
Painesville.. et erson‘
4 ¥ Mer),tor- 2 Leon Rd
Willowick © T
ia S | &
Euclid- 5 | = )
Chardon s ; i ) ;:
vomne Mayfield Ad g = ‘ ;;
von Lake @
_ Cleveland gpaper z
< e Twr b s @ i [
. Lorain  /Avon Westlake HelghtVs Q) s, Kinsman
Vermilion . Mills Rd ———" ™ L e ’
Huron me==Amhersti | £ Parma Solon= bl \
N P Elyria” — g
Shinrock = L | Or,, = !
———— . = 0 Cortland
) 9 Strongsville, %, i
= Oberlin = r “
- : 0] a8 © ¢
D 2 “h,
3 - : CuyahogaValley s s o1 3
4 5 & — Brunswick National Pafk OhioTurnpike= Warren 0/d82  He
! Newton Nil \
itchfi J Falls les D
Welllngto‘n Litchfield : - Cuvahioga Kent. Ravenna ~HUbbard
Smith Rd Medina /' & < gallsg e
&  Chatham Rd "3 = Copley) I e = IYOUNGStOWN._ 4y
p oE Akron .
g & i
8 e \
“w = " Tt g L ~ ) R
(% ¥ Seville Rd Barberton W pkron Canfield Ad - ‘Boardman
Rittman R | N
@ = 5 ;
— 5 L3 Green 40 Norti*lima
-2 l v A "
(GD) 5 = L8 e ) ., @ Alliance |
x o & \ 31 Salem |
o ) North <5 Columbiana
E Ashland At ) 1 Canton 98 o Buck Rd y
3 3 Orrville 748 Louisville D) East
4 L ) | 12 N Palestin¢
K2 2 Wooster Massillon Canton ey Gardeny, |
= e 118 1 : N\
Mansfield 7 & HackettRd = ' SN )
] £ © : 188 i !
(4 & O, M {lew Minerva
& Vf?/‘ ~N
: & A 2 & '
ngton o
East-]
M1 aa Liverpool
|10m|_|_| guee Carrollton
20 km Millersburg
ankee St
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Figure 3. Schematic depiction (A) and site photograph (B) of the Mushroom Farm iron
mound. The schematic view shows that the iron mound developed to the left side of

the house as it formed a terraced crust composed predominantly of Fe(IIl) hydroxide
phases. The arrow indicates the direction of the AMD as it flows down the iron mound. I
collected samples at the top of the mound, close to the emergence point of the AMD from
the house. The sampling region is depicted by (i) in panel A. The site photograph has

a viewpoint from the top of the iron mound looking down it. This is also the emergence
point of the AMD as it seeps out the side of the basement and runs downbhill in the
direction of the arrow.
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from the AMD emergence point, Fe(III) hydroxides have accumulated to a thickness of
approximately 10 cm. AMD has been flowing in this fashion for 20 years, indicating an
iron mound “growth” rate of 0.5 cm/yr. The pH of water flowing over the iron mound

ranges from 2.5 —4.5.

Core Collection

I collected cores from a 0.5 m? portion of the Mushroom Farm iron mound located
approximately 6 m from the AMD emergence point using 60 cc syringes with the luer
end removed. Each core was cut into 10 segments at 1 cm intervals to determine pH at
each depth within the iron mound. These cores are roughly 10 cm in length and provided
samples of the entire depth sequence of the iron mound crust. Recovered cores were
covered with plastic wrap, sealed with vinyl tape, and placed on ice for transport to the
laboratory. Cores used for culture-dependent microbial enumerations were collected in
the same fashion, but the syringes were autoclaved and cores were stored at 4°C for no
more than one week before enumerations were initiated (described below). Sediment
was extruded from the core at 1 cm increments with the sediment-water interface as
the starting point of measurements, and pH was determined by mixing 2 g of wet iron
mound material from each depth interval with 4 mL of ultrapure water. This mixture
was vortexed and pH was measured using a VWR, symphony B10P, benchtop pH meter.
A total of six cores were collected at 2 cm depth intervals to determine the mineralogy
of sediment at different depths by powder X-Ray diffraction (XRD) using a Phillips
3100 automated diffractometer using a CuKa radiation, and scanning at 20 of 2° to 70°
with accelerating voltage of 40kV at 35 mA. X-Ray intensities were determined with
0.02° step size and 1 sec counting time/step. Two cm depth intervals were evaluated
by XRD to allow sufficient material for XRD sample holders. Mineral identification
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was accomplished by comparing reference pattern in the measured pattern against the

Cambridge Structural Database (CSD) (Groom et al., 2011).

Passive Sampler Deployment

After the sediment cores were removed, passive sampling devices similar to those
described by Spalding and Brooks (2005) were deployed into the holes left by the
cores. The passive sampler devices (referred to as agarose “plugs”) were composed of
solidified agarose (5% in ImM KBr-amended deionized water) cylinders that could be
used to provide depth-dependent geochemical information at a much finer scale than what
could be obtained from analyzing core material alone. Agarose forms in an inert matrix
utilized in separation techniques. Agarose plugs were used to determine iron and sulfate
at depths within the iron mound at 0.5 cm increments. The plugs used the agarose as a
solidifying agent and they also contain KBr to assure that the plug has equilibrated with
the surrounding AMD. The plugs were recovered after six months of incubation in the
iron mound, after which, they had swelled to fill the void left behind by coring.

Cores were transported back to the laboratory, and each plug was sectioned at 0.5
cm intervals. Sections were then cut in half, with one half of the section immersed in
HCI and the other half immersed in nanopure water. Both sections were macerated, and
incubated for 24 hr. Solids were separated from the fluid by centrifugation, and Fe(II) (in
HCl-incubated plug section) and sulfate and bromide (in water-incubated plug sections)
were quantified. Dissolved Fe(Il) was quantified by ferrozine assay (Stookey, 1970),
and sulfate and bromide were quantified by ion chromatography using a Dionex DX-
120 system fitted with an AS4A column and conductivity detector (Dionex, Sunnyvale,
CA). Complete equilibration of the plug-associated fluid with the surrounding iron

mound pore-water was achieved, as I was unable to detect bromide in any of the plug

12



sections. To assure that Br could be detected in agarose plugs, a plug was cast with
Br and processed as described above. Complete recovery of Br was observed after this

extraction step.

Culture-dependent Microbial Enumerations

FeRB and FeOB were enumerated in sediments recovered from cores at a resolution
of 1 cm, using culture-dependent approaches. To enumerate FeRB, extruded core
material was transferred to an anoxic glovebag (Coy Laboratory Products, Grass Lake,
MI), and sediment was suspended in a medium that contained 10 mM (NH,),SO,, 2 mM
MgSO,, 25 mM Fe,(S0O,),, 5 mM glucose, 0.5 g/l trypticase soy broth (TSB), vitamins
and trace metals, with a pH adjusted to 4.2 with NaOH (Senko et al., 2009). These
sediment suspensions in medium were serially diluted in a three-tube most probable
number (MPN) dilution series (Colwell, 1979). Cultures were incubated in the dark room
temperature and scored after 6 weeks incubation based on the accumulation of > 4 mM
Fe(Il) in the cultures. Aerobic FeOB were enumerated by a plate-counting approach
using a medium described by Johnson (1995). This solid medium contained 25 mM
FeSO,, 14 mM (NH,),SO,, 2mM MgSO,, 0.25 g/1 trypticase soy broth, vitamins and
trace metals (Tanner, 1997). Core material was suspended in a solution that contained 14
mM (NH,),SO, and 2 mM MgSO, (pH adjusted to 3.5 with H,SO,), and this suspension
was serially diluted in the same solution. Dilution series from each depth interval were
subsequently spread onto the solid medium described above, incubated in the dark at
room temperature, and FeOB colony forming units (CFU) were counted based on the

formation of colonies that were encrusted in red Fe(III) hydroxide precipitates.
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CHAPTER III
RESULTS

The focus of this work was to determine the depth-dependent dynamics and
distribution of Fe-metabolizing microbial activities. To get a better understanding
of these processes, I evaluated geochemical (pH, Fe(Il) and sulfate concentrations),
mineralogical, and microbial (FeRB and FeOB) gradients, at depth within the MF iron
mound.

A geochemical consequence of anaerobic versus aerobic processes in AMD-impacted
systems is the formation of pH gradients, with aerobic Fe(II) oxidation giving rise to
lower pH values (reaction 1) and anaerobic Fe(III) reduction giving rise to higher pH

values (reaction 2) (Peine, 2000; Senko et al., 2010).

4Fe* + 0, + 4H' — 4Fe* + 2H,0 (reaction 1)

Fe’* + 3H,0 — Fe(OH), + 3H" (reaction 2)

In the same way, I hypothesized that there should be vertical geochemical gradients
within the iron mound, with relatively low Fe(II) concentrations suggestive of oxidizing
zones, and relatively high Fe(Il) concentrations suggestive of anaerobic activities.
Similarly, if there is a decrease in sulfate concentration it is suggestive of anaerobic
activities. Mineralogical gradients within the iron mound may also be indicative of in

situ microbial activities (Brantner et al., submitted).
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There should be vertical mineralogical gradients within the iron mound that
accompany anaerobic microbial activities. The Fe(III) mineral phases will change with
depth as poorly crystalline Fe(III) phases (including hydrous ferric oxide, ferrihydrite,
schwertmannite) transforms into goethite. If distribution of FeRB and FeOB are
dependent only on vertical diffusion of O, within the sediments, I would expect to see
more FeOB on top and more FeRB at depth, and therefore a lower pH at the top and a

higher pH at depth.

Depth-dependent geochemistry

Sediment pH was 3.04 close to the surface of the iron mound sediments (Figure 4).
As the depth increased, the pH value decreased. The lowest pH value was at 5 cm with
a pH of 2.74. There was a slight increase in pH as the depth increased from 5-10 cm
with a pH of 2.82 at 10 cm, but the pH value stabilized at a depth below 4 cm. Using
passive sampling agarose plugs, I measured pore-water Fe(II) and sulfate concentrations
at 0.5 cm intervals from the iron mound surface to a depth of 9 cm. Two agarose plugs
were removed after three months of incubation in the field. The plugs used agarose as
a solidifying agent and also contain KBr to assure that the plug equilibrated with the
surrounding AMD. It was determined that the plugs had equilibrated sufficiently since
KBr was not detected in the plugs after they had been incubated in the field. These two
plugs were used to determine the sulfate and Fe(II) concentrations at depth.

The pore-water, Fe(Il) average of the two plugs had an initial concentration of 3.39
mM just below the sediment-water interface. The lower initial Fe(II) concentration at the
top is likely because that is where Fe(II) oxidation is occurring due to readily available
dissolved O, close to the sediment-water interface (Figure 4). Fe(II) concentration
increased to 6.71 mM at 2.5 cm, most likely due to Fe(IIl) reduction. Fe(II) then

15



decreased with depth, possibly from Fe(Il) oxidizing zone that is roughly 3 cm from

the surface or adsorption of Fe(Il) onto Fe(IlI) hydroxide phases in the iron mound
(Figure 4). The Fe(II) concentration slowly decreased between 3-8 cm with a final
Fe(II) concentration of 2.76 mM at 8 cm, but after 4.5 cm there was very little change

in the Fe(Il) concentration. The Fe(Il) concentrations peaked around 3 cm, with lower
concentrations at the top and bottom of the iron mound plug, suggesting that there would
be more Fe(II) oxidation at these locations.

The pore-water sulfate within the plugs had an initial concentration of 127 mM at the
top of the iron mound (Figure 4). From this point there was a decrease in concentration
to 86 mM by 2.5 cm. After that depth, the sulfate concentration generally stabilized at
a concentration of approximately 80 mM throughout the remainder of the iron mound

(Figure 4).

Depth-dependent mineralogy

The MF iron mound cores were sectioned at 2 cm depth intervals and then dried in
an anoxic environment for mineralogical analysis of the iron mound material at different
depths (Figure 5). Samples from discrete depths within the iron mound were analyzed
by XRD to identify the mineralogy of Fe(Ill) phases in the iron mound. Analysis of the
solid phases in the upper 2 cm of the iron mound by XRD showed poorly resolved peaks,
indicative of poorly crystalline Fe(Ill) phases, which may include hydrous ferric oxide,
ferrihydrite, or schwertmannite, which is a poorly ordered Fe(Ill) hydroxysulfate that is
commonly encountered in AMD-impacted systems (Bingham et al, 1990, 1994). It is
possible that the upper surface layer is a combination of schwertmannite and disorganized
goethite. As the depth increased on each core, the XRD pattern contained sharper, more
defined peaks, with higher peak to background ratios, suggesting that these phases were

16
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more crystalline in comparison with the top of each core. The predominant mineral
phases in deeper regions of the cores were identified by XRD as goethite, indicating that
there was a post-Fe(IlI) phase deposition transformation of poorly crystalline phases to

a more crystalline form of goethite. This transformation can be attributed to the onset of
anoxic conditions and consequent bacterially-mediated reduction of poorly crystalline
Fe(III) phases (Hansel et al., 2003; Burton et al., 2008). I collected a total of six cores
from the field to produce profiles by XRD. Each core was in a line and was collected
approximately 6 inches from one another. Depth-dependent mineral signatures in all of
these cores were almost identical (Figures 5-10), illustrating that there is mineralogical

homogeneity within the approximately 0.5 m*area of the iron mound that was sampled.

Depth-dependent distributions of microorganisms

FeRB and FeOB were enumerated in sediments recovered from cores at a resolution
of 1 cm, using culture-dependent approaches. FeRB were enumerated using a most
probable number (MPN) series in aSRBFe medium (Senko et al., 2009). Aerobic FeOB
were enumerated by a plate-counting approach using medium described by Johnson
(1995).

FeOB were most abundant in the shallowest sediments, likely due to increased
amount of diffused O,, and then decreased slightly with depth (Figure 11). However,
they remained abundant throughout the sediment, despite evidence of anaerobic activities
in deeper portions of the iron mound. At the bottom of the core, the colony forming
units increased to more than the initial amount at the top of the core, so that for the FeOB
there is a uniform distribution, and surprisingly high number of FeOB in the deepest
sampled region of the iron mound. From the top of the sediment, the FeRB had an
opposite pattern of the FeOB with an initial increase in abundance, with the maximum
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FeRB (cells/ml), FeOB (CFU/g) and Total Cell Abundances (cells/g)
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Figure 11. Abundances of (¢) FeRB, () FeOB, and ( A) total cell abundances at the MF
iron mound as depth increases. Error bars represent standard deviations measurements
obtained from duplicate FeOB plate-counting approaches and total cell counts. Total cell
counts are courtesy of Shane Hotchkiss.
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amount at 2 cm (Figure 11). FeRB abundance then decreased with greater depth through
the sediment (Figure 11). The total cell abundances were constant throughout the

core (Figure 11). These cell abundances were larger than the sum of FeOB and FeRB
abundances (accounting for less than 0.5% of total cell abundances), suggesting that non-
Fe-metabolizing organisms are abundant in the iron mound sediments or that the culture-
dependent approach that I used was insufficient to recover all types of Fe-metabolizing
organisms. Nevertheless, it appears that FeOB were distributed uniformly throughout the
sediments, while cultureable FeRB appeared to be most abundant in the shallower regions

in the iron mound.
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CHAPTER IV
DISCUSSION

A conceptual model of potential distributions of microbiological activities (and
geochemical consequences of these activities) is shown in Figure 12. The most abundant
terminal electron acceptors in the MF iron mound system are oxygen, Fe(Ill) and
sulfate. In any given location, as the most energetically favorable electron acceptor
is depleted, the microbial community will adapt to take advantage of the next most
thermodynamically favorable electron acceptor available (Champ et al., 1979; Froelich
et al., 1979; Lyngkilde and Christensen, 1992; Lovley and Chapelle, 1995; Anderson and
Lovley, 1997; Christensen et al., 2000; Coates and Achenbach, 2001).

A major controller of microbial activities in this system will be atmospheric O, which
diffuses at the sediment-water interface. Because of this, our conceptual model of the
distributions of microbial activities predicts that aerobic Fe(Il) oxidizing activity would
occur only toward the surface, leaving Fe(III) and sulfate reduction to occur in deeper O,-
depleted regions. Diffusion of O, at the sediment-water interface would create low Fe(II)
concentrations at the surface that would increase with depth and O, depletion, and sulfate
concentrations that decrease slightly initially from the surface and then more significantly
with greater depth (Figure 13). A geochemical consequence of anaerobic versus aerobic
processes in AMD-impacted systems is the formation of pH gradients. Aerobic Fe(II)
oxidation give rise to lower pH values (equation 4), and anaerobic processes (Fe(IIl) and
sulfate reduction) (equations 5 and 6) give rise to higher pH values (Peine et al., 2000;

Senko et al., 2009). Therefore, pH would then decrease sharply at the sediment-water
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interface and increase with depth. Also, because FeRB activities would only occur at
depth in O,-depleted zones, the transformation to goethite would occur at a greater depth.
Some of the results, such as, FeRB decreasing with depth and the FeOB abundances
exhibiting homogeneity throughout, suggest that our conceptual model of distributions of

microbial activities based on diffusion of O, may not be entirely accurate.

4 Fe> +0,+ 10 H,O — 4 Fe(OH), + 8 H' (Fe(II) oxidation) (eq. 4)

CH,O +4 Fe(OH), + 8 H" — CO, + 4 Fe** + 9 H O  (Fe(IlI) reduction) (eq. 5)

2CHO+SO>+H"—2CO,+HS +2H0 (Sulfate reduction) (eq. 6)

To understand what is occurring within the iron mound I will discuss the meaning
of the results from the sediment-water interface to depth within the sediments. I
hypothesized that if distribution of FeOB are dependent on vertical diffusion of O, within
the sediments, it would be expected to see a higher concentration of FeOB on top. The
hypothesis also states if there is a decrease in Fe(II) concentration, a slight decrease in
sulfate concentration may occur due to incorporation of sulfate in Fe(III) hydroxysulfate
phases (e.g. schwertmannite). This biogeochemical pattern is what I observed between
the sediment-water interface and a depth of 2-3 cm (figure 4). At the sediment-water
interface the Fe(II) was oxidized to Fe(Ill), with schwertmannite expected to be the initial
product of this activity (Bertel et al., 2011). Sediments had a lower pH, lower pore-water
concentration of Fe(Il), and relatively high abundance of FeOB. At the sediment-water
interface, there was also a higher sulfate concentration, which decreased slightly as depth
increased. The removal of sulfate from solution as depth increases could be attributed

to the incorporation into Fe(IlI) hydroxysulfate phases (Bigham et al., 1990; Burton et
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al., 2007), as a consequence of microbiological Fe(Il) oxidation near the sediment-water
interface. Analysis of the solid phases by XRD suggested that the predominant mineral at
shallower depth was a mixture of poorly crystalline Fe(IIl) phases and the predominant
mineral at greater depth was a more crystalline form of goethite.

As depth increased from the sediment-water interface to a depth of 2-3 cm, the
FeRB abundance increased, and the pore-water Fe(Il) concentration increased due to
the reductive dissolution of Fe(III) phases (e.g. schwertmannite) by FeRB activities
(equation 7) (Burton et al., 2007). Anaerobic activities in iron mounds may lead to the
reductive dissolution of Fe(III) hydroxides via the direct, enzymatic reduction of Fe(III)
by Fe(Il)-reducing bacteria (FeRB) (equation 5) or by reaction with sulfide produced by
sulfate-reducing bacteria (SRB) (equation 6) (Ehrlich et al., 2009; Dvorak et al., 1992;
Christensen et al., 1996).

CH,COOH + Fe,O,(OH),(SO,*) + 12 H' — 2HCO* + Fe* + SO,> + 10 H,0 (eq. 7)

At a depth of 2 cm, the poorly crystalline Fe(IlI) phases were no longer stable and
transformed into a more crystalline form of goethite, which was likely the final product of
mineralogical transformations at the base of the deposits and induced by FeRB activities
(Gagliano et al., 2004). From the sediment-water interface to a depth of 2-3 cm there was
a slight decrease in FeOB abundance, and FeRB were the most abundant at this depth
interval but O, was still present at this depth (Brantner et al., submitted). As such, this
can be considered an aerobic zone, and it was hypothesized that Fe(III) reduction should
only occur in an anaerobic zone. However, in AMD-impacted systems, the demarcation
between aerobic and anaerobic metabolism appears to be nebulous. For instance,
some Fe(III) reducing bacteria reduce Fe(IIl) hydroxides optimally under microaerobic

conditions (Kusel et al., 2002; Malki et al., 2008) suggesting that aerobic Fe(II) oxidation
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and Fe(III) reduction may occur in close proximity to each other. Several AMD-
associated microorganisms are capable of both Fe(II) oxidation and Fe(III) reduction
(Coupland et al., 2008). These results indicate that Fe(IlI) reduction may proceed under
oxic conditions.

Continuing past the 2-3 cm depth, Fe(III) availability to FeRB was decreased by the
development of more crystalline goethite (Bertel et al., 2012). This change in Fe(III)
availability has been hypothesized to be a significant process influencing the switch
from Fe(III) to sulfate reduction in anoxic acid-sulfate systems (Blodau, 2006; Burton
et al., 2007). Goethite is also a less thermodynamically favorable TEA than poorly
crystalline Fe(IIl) phases such as schwertmannite (Burton et al., 2007; Burton et al.,
2008). The microbially mediated transformation of poorly crystalline Fe(III) phases to
goethite would create a more recalcitrant goethite-associated pool of Fe(III) to support
FeRB activity and consequently, enhance the stability of Fe(Ill) (Bertel et al., 2012).
The transformation of poorly crystalline Fe(IIl) phases to less bioreducible goethite may
explain the decreased abundances of FeRB in deeper iron mound sediments. Given
this scenario, Fe(III) reduction may be a self-limiting process in the MF iron mound
sediments, whereby reduction of schwertmannite-Fe(III) induces the formation of
goethite, which is less susceptible to microbial reduction.

While FeRB decreased in abundance with increasing depth, FeOB abundances stayed
constant, while there is a decrease in Fe(II) concentration in the 3-5 cm depth interval.
While any decrease in Fe(Il) concentration at varying depths could indicate oxidizing
zones, it could also be a result of precipitation of FeS phases, or adsorption onto
Fe(III) phases (Burton et al., 2008). After the initial reduction in sulfate concentration
from the sediment-water interface until a depth of 2-3 cm, the sulfate concentration
stayed relatively constant as it continued to depth. If sulfate reduction was occurring,

the biogenic sulfide produced would be unlikely to accumulate and would have been
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reoxidized by the surrounding Fe(III), not necessarily all the way to sulfate, but to some
partially oxidized sulfur species (Neal et al., 2001; Poulton et al., 2004). Typically, black
coloring in the sediment is indicative of sulfidogenesis. However, in this study, black
coloring in the sediment was not observed so it is unlikely that the decrease in Fe(II)
concentration is due to precipitation of Fe(Il) as FeS. Extensive adsorption of Fe(II)
onto Fe(IIl) phases at these depths is unlikely, since we observed a depletion of solid
associated Fe(II) at depths below 2 cm in the MF iron mound sediments (Brantner et al.,
submitted).

It appears that the decrease in Fe(II) concentration is likely due to Fe(Il) oxidation,
but it occurred at depths where O, was not detected (Brantner et al., submitted). For
Fe(II) oxidation to occur, aerobic Fe(Il) oxidizing microbial communities must adapt
to the continual burial within the Fe(IIl) hydroxides phases that they produce in order
to transfer electrons from Fe(II) to O, that diffuses into AMD from the atmosphere.
Conductive, microbially-produced nanowires that may extend millimeters from the
bacteria towards a TEA were discovered in other systems that allow electrons to be
transferred from cell to cell (Reguera et al., 2005). From a microbial perspective, far-
afield extracellular transfer (EET) via electrically conductive nanowires may represent a
common physiological strategy facilitating the transfer of electrons that could otherwise
not be achieved under the physiochemical conditions in immediate proximity to
individual cells. Abiotic far-afield electron transport has been suggested to occur in the
terrestrial subsurface where (semi)conductive sulfide ore bodies facilitate the transfer of
electrons from relatively deep, reducing strata to relatively shallow, oxidizing strata (Sato
et al., 1960; Bigalke et al., 1997; Nielsen et al., 2010).

If far afield electron transfer occurs, I would expect to find a uniform distribution of
FeOB. The results showed that the FeOB abundance stayed relatively uniform as depth

increased, until an increase in abundance at 8 cm. While Fe(III) reduction occurred
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in shallower sediments (as indicated by dissolved Fe(Il) accumulation), after a depth

of 2-3 cm the Fe(Il) concentration decreased steadily. This suggests that EET may
facilitate the transfer of electrons from Fe(Il) in O,-depleted regions of the iron mound
to O, in shallower regions of the iron mound, and allows electrons to be transferred

up to the O, through the Fe(III) hydroxide-rich sediment under anaerobic conditions
(Meier et al., 2004). Some bacteria are capable of EET, thereby enabling them to use
electron donors without direct cell contact with mineral phases or diffused O, (Nielsen
et al., 2010). Furthermore, electrons conducted from microbial oxidation processes
deep within the sediment may make a considerable contribution to supporting life in the
subsurface sediment (Nielsen et al., 2010). It may also be possible that groundwater flow
may transport O, to deeper sediments within the iron mound. However, the subsurface
advection of O, is most likely minor, since depth-dependent depletion of O, has been
observed in the iron mound (Brantner et al., submitted), and emergent AMD is anoxic
before reaching the terrestrial surface (Gouin et al., 2012).

A common strategy for treatment of AMD is to divert AMD through limestone beds
or channels (Cravotta and Trahan, 1999; Pennsylvania Department of Environmental
Protection (PA-DEP), 1999; Nengovhela et al., 2004; Johnson and Hallberg, 2005).
Limestone dissolution neutralizes acidic fluids, which subsequently removes Fe by
precipitation of Fe(Ill) hydroxides (Cravotta and Trahan, 1999; Pennsylvania Department
of Environmental Protection (PA-DEP), 1999; Johnson and Hallberg, 2005). This helps
remove dissolved Fe(Il), but these Fe(Ill) hydroxides coat limestone surfaces (referred to
as ‘armoring’), which then limit further limestone dissolution and neutralization capacity
(Pennsylvania Department of Environmental Protection (PA-DEP), 1999; Rose et al.,
2004; Weaver et al., 2004). To limit armoring, systems like the iron mound might be
constructed in which FeOB may remove Fe(Il) from AMD. This Fe-free water may then

be neutralized using limestone before it is released into nearby streams (Nengovhela et
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al., 2004). However, if iron mounds are to be utilized for AMD treatment, the stability of
the resultant Fe(III) phases must be addressed. For instance, extensive microbiological
reduction of Fe(IIl) phases might lead to the “re-release” of Fe that had been previously
immobilized within the iron mound. The results of the work described here indicate

that while Fe(III) reduction occurs in shallower regions of the sediments, FeOB activity
throughout the depth of the iron mound may serve to maintain the Fe(IIl) phases in an

oxidized, and thus, a relatively insoluble form.
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CHAPTER V
CONCLUSIONS

Mineralogical and geochemical gradients, along with distributions of microbial
activities with depth within an acid mine drainage-derived iron mound were evaluated.
Analysis of the solid phases was done by XRD, which indicated that poorly crystalline
Fe(III) phases were transformed to more crystalline goethite phases with increasing
depth in the sediments, though based on aqueous chemistry, sulfate was not released into
solution when this occurred. Culture-dependent enumeration of FeOB indicated that
abundances of those organisms were relatively constant to a depth of 9 cm. Culture-
dependent enumeration of FeRB indicated the highest abundance of those organisms
at a depth interval of 2-3 cm, which coincided with the maximal dissolved Fe(II)
concentration. FeRB abundance subsequently decreased in abundance with increasing
depth, which may be attributable to the poor bioreducibility of Fe(III) associated with
goethite, which was the predominant Fe(III) phase detected in deeper sediments. After
the 2-3 cm depth interval, Fe(II) concentrations decreased. It appears that the decrease in
Fe(II) concentration is likely due to Fe(II) oxidation, but occurred at depths where O, is
not likely to be detected. To allow anaerobic activities and oxidizing zones concurrently
at depth, EET may be occurring. EET may facilitate the transfer of electrons that could
otherwise not be achieved under the physiochemical conditions in immediate proximity

to individual cells.
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