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Abstract

The inability to track the products of subsurface microbial activity during stimulated
bioremediation has limited its implementation. We used spatiotemporal changes in
electrodic potentials (EP) to track the onset and persistence of stimulated sulfate-reducing
bacteria (SRB) in a uranium-contaminated aquifer undergoing acetate amendment.
Following acetate injection, anomalous voltages approaching -900 mV were measured
between copper electrodes within the aquifer sediments and a single reference electrode
at the ground surface. Onset of EP anomalies correlated in time with both the
accumulation of dissolved sulfide and the removal of uranium from groundwater. The
anomalies persisted for 45 days after halting acetate injection. Current-voltage and
current-power relationships between measurement and reference electrodes exhibited a
galvanic response, with a maximum power density of 10 mW/m® during sulfate-
reduction. We infer that the EP anomalies resulted from electrochemical differences
between geochemically reduced regions and areas having higher oxidation potential.
Following the period of sulfate reduction, EP values ranged from -500 to -600 mV and
were associated with elevated concentrations of ferrous iron. Within 10 days of the
voltage decrease, uranium concentrations rebounded from 0.2 to 0.8 puM, a level still
below the background value of 1.5 pM. These findings demonstrate that EP
measurements provide an inexpensive and minimally invasive means for monitoring the
products of stimulated microbial activity within aquifer sediments and are capable of
verifying maintenance of redox conditions favorable for the stability of bioreduced

contaminants, such as uranium.



Introduction

Radionuclide contamination of groundwater is an ongoing problem at many
former uranium ore-processing sites under the control of the U.S. Department of Energy.
Continued leaching of residual uranium at such sites has resulted in low-level but
persistent contamination of both groundwater and sediments within local aquifers.
Research efforts are currently underway to promote the in situ removal of soluble U(VI)
species via stimulated bioremediation at the Rifle Integrated Field Research Challenge
(IFRC) site near Rifle, Colorado (Figure 1), the site of a former mill tailings facility.
Repeated biostimulation experiments at the site [Anderson et al. , 2003; Vrionis et al. ,
2005] have shown that acetate injection into the aquifer promotes the growth of
dissimilatory metal-reducing bacteria of the family Geobacteraceae and a decline in the
U(VI) content of groundwater downgradient from the injection site. The reproducible,
stimulated growth of Geobacteraceae along with the correlated loss of U(VI) suggests
that these organisms are responsible for the in sifu reduction of U(VI), a fact corroborated
by both laboratory [Finneran et al., 2002; Holmes et al., 2002; Ortiz-Bernad et al., 2004]
and field studies [Senko et al. , 2002; North et al. , 2004; Peacock et al. , 2004; Ginder-
Vogel et al., 2005; Wu et al., 2006].

Prolonged addition of acetate to the aquifer results in a shift in the dominant
terminal electron-accepting pathway from iron- to sulfate-reduction. This is evidenced
by groundwater and sediment samples enriched in members of the order
Desulfobacterales [Vrionis et al., 2005] and a decrease in ferrous iron and sulfate within
the aquifer. An unintended consequence of this shift in metabolism is an initial decrease

in the rate of removal of soluble U(VI) from groundwater [Anderson et al. , 2003]. At



longer time points, however, and upon cessation of acetate injection, sustained removal
of U(VI) under conditions of sulfate-reduction does occur, ultimately reaching levels
comparable to those achieved during the initial period of iron-reduction.

While the process of U(VI) removal both during and after the period of sulfate-
reduction is still under investigation, it is believed to result from a variety of causes,
including reductive immobilization of U(VI) by non-acetate oxidizing sulfate-reducers
and sorption onto a combination of cell surfaces [N'Guessan et al. , 2008] and altered
mineral phases [Catalano and Brown, 2005]. While these results suggest the importance
of maintaining conditions of iron-reduction for optimizing the reductive immobilization
of U(VI), the sustained removal of U(VI) during and after stimulated sulfate-reduction
indicates that its onset is not completely undesirable, especially under geochemical
conditions (i.e. high sulfate) where it is likely to be an unavoidable outcome of organic
carbon amendment.  Furthermore, the production of redox-poising constituents
accompanying stimulated sulfate-reduction (e.g. FeS, reduced phyllosilicates, and H,S)
may offer a means for prolonging the stability of insoluble, bioreduced phases, such as
UO..

There is growing interest in the use of geophysical methods to better inform the
decision-making process during environmental remediation activities. The inherent
variability in rapidly delineating subsurface transformations accompanying remediation
activities, such as those that occur during stimulated bioremediation, often limit the speed
with which the remediation approach may be modified to improve its success. Among
such methods, the self-potential (SP) technique has shown promise as an inexpensive yet

sensitive means for delineating variations in subsurface geochemical conditions resulting



from biological processes [Nyquist and Corry , 2002; Naudet et al. , 2003; Naudet and
Revil, 2005; Arora et al., 2007]. The SP method is a passive technique that measures the
open-circuit voltage potential between electrodes located at the ground surface or within
boreholes, with the potential-generating mechanism varying according to environmental
and measurement conditions [Sato and Mooney , 1960; Corry, 1985; Bigalke and
Grabner, 1997; Nyquist and Corry, 2002; Cameron et al., 2004; Minsley et al., 2007].
Under conditions where the measurement and reference electrodes are (a) located
in geochemically distinct redox environments and (b) exposed to their local geochemical
environment, a subset of the SP method - referred to as the electrodic potential (EP)
method - has been shown to be sensitive to electrochemical reactions involving the
electrodes themselves [Corry, 1985; Nyquist and Corry , 2002; Williams et al. , 2007,
Slater et al., 2008]. When bridged through a measuring voltmeter, electrodes located in
the electrochemically distinct regions constitute a galvanic cell, generating a voltage
potential that persists as long as the concentration gradient is maintained. Under
conditions that lead to the spontaneous flow of current when the two electrodes are
connected, electrons flow from the anode during an oxidation reaction to the cathode in a
coupled reduction reaction. Charge balance is maintained via electrolytic conduction
through the pore space, which also acts to complete the overall circuit. Under conditions
where the geochemical environment directly interacts with the electrode surface (e.g.
during a corrosive process), the electrode composition will determine the nature of the
measured half-cell reaction. The magnitude of the anomalous open-circuit potentials may
be quantitatively interpreted in the same manner as voltages that result when using an

1on-selective electrode, albeit over a scale of meters rather than millimeters.



The galvanic mechanism underlying the EP response (Figure 2) may be illustrated
using the electrode pair in which the measurement and reference electrodes are composed
of Cu’ and Cu’/CuSO,, respectively, with the latter being a non-polarizing electrode
design frequently used for SP measurements. When a reduced electroactive species (e.g.
bisulfide or HS") is present near the measurement electrode and the reference electrode is
maintained in a more oxidized environment, a sulfide-dependent voltage potential of 700-
900 mV will result from the coupling of the two half-cell reactions: the oxidation of Cu’
(as CuS or Cu,S) at the measurement electrode (i.e. the anode) and the reduction of
CuSOy (as Cu) at the reference electrode (i.e. the cathode). Because of the high input
impedance of the voltmeter (>10 MQ), there is negligible transfer of electrons during the
measurement process and consumption of electro-active species is insignificant. For
anodic reactions that are both thermodynamically and kinetically favorable, such as those
occurring between dissolved sulfide and base metals, such a galvanic response will
dominate the measured EP signal.

In the absence of HS", anomalous EP voltages may still be the result of a galvanic
effect where the measurement electrode acts as a non-reactive surface sensitive to the
dominant electrochemical half-cell reaction in its vicinity. In such a configuration, the
measurement electrode serves the same function as the platinum electrode in an
oxidation-reduction potential (ORP) probe. The mechanism is relevant in the presence of
aqueous ferrous iron, the byproduct of microbial iron reduction. A ferrous iron
dependent voltage potential of 550-700 mV will result from the coupling of the two half-
cell reactions: oxidation of Fe*" at the measurement electrode surface and the reduction

of CuSO, (as Cu”) at the reference electrode.



Interpreting the electrodic response within the context of a galvanic model makes
it possible to use temporal EP anomalies to monitor geochemical changes induced by the
stimulation of microbial activity. Here we show that the appearance and persistence of
dissolved sulfide correlates with the generation of significant EP voltage anomalies
indicative of subsurface microbial sulfate-reduction.  Furthermore, spatiotemporal
variations in the onset and sustenance of the EP anomalies appear to track the location of
active metabolism within the aquifer, offering an indirect means for verifying
geochemically reduced conditions conducive to the removal of aqueous uranium. By
interpreting such potentials within the context of predictable and quantifiable galvanic
reactions, the EP monitoring approach offers a sensitive, inexpensive and minimally
invasive means for detecting the presence of metabolic end products, such as dissolved

sulfide and ferrous iron.

Materials and Methods
Site Description and Experimental Approach

A comprehensive description of the local geology, hydrology and geochemistry of
the Rifle IFRC site, as well as the general methodological approach to acetate injection,
has been presented elsewhere [Anderson et al., 2003; Vrionis et al., 2005; Yabusaki et al.,
2007]. Briefly, the site is located on a flood plain, ~9.0 hectares in area, in Northwestern
Colorado (Figure 1). The local aquifer is comprised of an unconsolidated mixture of
alluvial sands, silts, clays and gravels deposited by the adjacent Colorado River. The
aquifer thickness is ca. 6.5 m, with the saturated interval occurring at a depth of

approximately 3.5 to 4.0 m below ground surface (bgs). The hydrology of the site is



characterized by relatively high groundwater velocities (~0.30 m day™) and a water table
that varies according to river stage, rising by as much as 1.5 m during periods of peak
runoff. Large variations in hydraulic conductivity exist over the saturated interval, with
values ranging from 0.50 to 50 m day”. Core recovery during well installation has
repeatedly identified a 0.5-0.7 m thick, high permeability sandy layer at depth of ~3.7 m
bgs and spanning the water table. This unit may contribute to enhanced rates of
groundwater flux during recharge events, acting as a conduit for the introduction of
partially oxygenated groundwater. The site is underlain by the relatively impermeable
weathered claystone of the Wasatch formation, which acts as a lower boundary to fluid
flow.

Groundwater samples were obtained from a series of monitoring wells located
within a test area encompassing approximately 50 square meters. A single background
monitoring well was located 3.5 m upgradient from an injection gallery positioned
perpendicular to groundwater flow and comprised of five boreholes spaced at 0.6 m
intervals (Figure 1). Four downgradient monitoring wells were located at 1.5 m intervals,
beginning at a distance of ~1.0 m from the injection gallery. Two specially designed well
casings incorporating metallic copper (Cu”) electrodes were located 2.0 m downgradient
(SP-1) and 1.0 m upgradient (SP-2) from the injection gallery (Figures 2 and S1). The
casing materials (PVC; 5 mm slot size) and method of completion of the two electrode
wells were identical for all injection and monitoring wells. Each of the electrode-
modified casings incorporated eleven bands of Cu’ (5.7 cm diameter, 2 cm width) located
at 25 cm intervals along the casing length (Figure S1). After installation, the upper- and

bottommost electrodes in each well were located at 4.0 m and 6.5 m bgs, respectively.



The electrodes were attached to the outside of the well casing using copper rivets and
connected to the surface via insulated wires; all connections were made water tight using
an epoxy sealant. After installation, the electrodes were allowed to equilibrate for 30 days
before beginning acetate injection.

Ten electrodes from each of the two wells spanning the 4.0-6.25 m bgs depth
interval were connected to a high impedance, multi-channel voltmeter programmed to
measure the open-circuit potential between each electrode and a surface-based reference
electrode at 6-hour intervals. Continuous recording of the EP signals began 2 days prior
to the onset of acetate injection. The measurement convention was such that the negative
lead of the voltmeter was connected to the reference electrode and the positive lead
connected to the downhole electrode. The reference consisted of a Cu’/CuSO, non-
polarizing electrode located in a shallow, tarp-covered hole in the vicinity of the
southeastern most injection well; the contact resistance between the reference and each of
the casing-affixed Cu’ electrodes ranged from 500 to 900 Q. Allowing time for
equilibration, installation of the reference electrode occurred immediately after
installation of the borehole electrodes. The tarp prevented excess moisture from
submerging the reference electrode during rainfall events and sporadic measurements of
contact resistance fell within the aforementioned range.

Current-voltage and current-power relationships were periodically determined
between the bottommost electrode (6.5 m bgs) in each well and a second surface-based
Cu’/CuSO, reference electrode by measuring the voltage drop across a range of
resistances from 4 MQ to 10 Q. A second surface-based electrode was used in order to

minimize disturbance of the reference electrode resulting from current flow during the
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current-voltage and current-power measurements. These measurements were made
before, during (days 58 and 85), and after biostimulation (day 115). Following re-
equilibration of the open-circuit electrode response, current flow between the same two
electrode pairs was determined by measuring the voltage drop across a known resistance
(500 Q) for a fixed length of time (ca. 20 hours) both before and during biostimulation
(day 59).

Groundwater was pumped from an upgradient portion of the aquifer into a surface
storage tank and amended with sodium acetate and potassium bromide in quantities
sufficient to achieve in situ concentrations of 10 mM and 1 mM, respectively, upon
injection. Acetate-amended groundwater was introduced to the aquifer over the entire
saturated thickness (18 mL/min per borehole; 3.5 to 6.5 m bgs) using a combination of
peristaltic and crosswell mixing pumps to continuously cycle the injectate between the
five injection wells to achieve better uniformity in the distribution of acetate during the
injection phase.

Acetate was injected over a 68-day period between July and September 2006,
during which time groundwater was systematically sampled at 2 to 14 day intervals from
each of the monitoring wells to characterize changes in geochemical composition. While
groundwater samples were obtained for each of the non-electrode monitoring wells prior
to the injection of acetate, samples were not obtained from the electrode-bearing wells
until 42 days after starting the injection of acetate. After this time, groundwater samples
were obtained from all of the wells at regular intervals for the duration of the experiment.
Both the geochemical sampling and the multi-electrode voltage logging continued for a

total of 185 days, or 117 days following the cessation of acetate injection.
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Groundwater was sampled from each well over the 4.1-4.4 m bgs depth interval
using a peristaltic pump connected to a flow-through multi-parameter probe designed to
measure dissolved oxygen, fluid conductivity, pH, and redox potential. All wells were
purged until the parameters stabilized (ca. 12 L; 0.5 L min™"), after which time the probe
was disconnected and groundwater samples were taken directly from the pump outflow.
All samples were filtered with 0.2 pum-pore-size syringe filters before preservation.
Samples designated for U(VI) and SO4> analysis were placed into sterile, no-headspace
15 mL tubes, while those designated for acetate analysis (19 mL) were placed into no-
headspace glass containers and preserved with 1 mL of 0.1 M H,SO4. These samples
were returned via overnight courier to the laboratory and stored at 4°C prior to analysis.
Ferrous iron and sulfide analyses were performed immediately upon sampling, with the
samples diluted, as needed, using de-ionized water.

Uranium was measured by kinetic phosphorescence analysis as previously
described [Finneran et al. , 2002]. Acetate was measured with high-pressure liquid
chromatography using a fast-acid analysis column with an 8 mM H,SO4 eluent and
absorbance detection (210 nm). Sulfate was determined via ion chromatography using an
AS4A-SC analytical column with a carbonate/bicarbonate eluent (1.8 mM/1.7 mM).
Ferrous iron and sulfide concentrations were determined colorimetrically by previously

described techniques [Cline, 1969; Lovley and Phillips, 1987].

Results

Impact of Acetate Injection on Electrodic Potential Response



12

During the 30-day equilibration period prior to acetate injection, the open-circuit
potentials reached quasi-steady state values ranging from -310 to -440 mV. The range of
baseline voltages is likely due to variability in the immediate geochemical conditions
surrounding each electrode and the extent to which each electrode was electrically
coupled to the sediments. Following the injection of acetate, a pronounced increase in
voltage magnitude was observed for both wells at all electrode locations (Figures 3 and
4). As aresult of the measurement convention, the anomalous EP effect is reported as an
increase in voltage magnitude, with values becoming more negative with time (e.g. -400
mV to -900 mV).

In the case of the downgradient electrode well (SP-1), increases in voltage
magnitude from pre-injection values were observed for all electrode locations within the
first 20-25 days (Figure 3). Across the depth interval, there was considerable variability
in the time it took to reach the most negative EP values. In general, the shallower
electrode locations, and in particular, the locations closest to the water table, exhibited the
longest lag times before reaching their most negative value. Upon reaching values
between -850 and -900 mV, the EP values fluctuated within the range from -740 to -900
mV throughout the period of acetate injection.

Although injection of acetate into the aquifer was halted after 68 days, EP values
more negative than -800 mV persisted for an additional 50 days (Figure 3). The length of
time that such voltages persisted generally increased with depth. After a total elapsed
time of 115 days, or 47 days after acetate injection was halted, EP values across the entire

measurement interval approached relatively uniform levels of -550+40 mV.
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Electrodes located upgradient from the injection gallery never yielded EP
anomalies in excess of -810 mV. Shortly after beginning the acetate injection, voltages
along the length of SP-2 reached relatively stable values of -650+25 mV (Figure 4).
Voltages remained within this range for the duration of the injection period, except for a
few electrode locations where EP values approached -800 mV over the final 5-7 days of
the injection period. Immediately following cessation of acetate addition, EP values
rebounded to levels of -500 to -550 mV remaining relatively constant for the duration of
the experiment.

Direct comparison of the temporal voltage response for a discrete electrode
location in each well (5.0 m bgs) reveals several interesting features (Figure S2).
Although the onset of the EP anomalies occurs at a similar time following the injection of
acetate, the persistence of the anomalies and their absolute magnitude is distinct for both
locations. Following the first 20-days, voltages in SP-2 reach a relatively stable value of
-670 mV, while the values recorded in SP-1 continue to decrease for another 8-days,
reaching a value of -840 mV by day 28. Subsequently, the voltages in both wells
fluctuated within a narrow range before transitioning to relatively stable, post-amendment
levels. The transition was delayed in SP-1 relative to SP-2 by 31 days.

Current-voltage and current-power relationships were determined for each EP
monitoring well before, during, and after acetate injection. While there was negligible
current flow between the measurement and reference electrodes prior to starting acetate
injection (data not shown), when measured 58- and 85-days into the experiment, current-
and power-densities for both electrode pairs were significantly elevated above baseline

(Figure 5). Following the post-injection rebound in EP values, current- and power-
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densities decreased for both wells by up to one order of magnitude after 150-days,
returning to levels similar to, but slightly elevated above, pre-injection values.

Current flow from the deepest electrode location in SP-1 (6.5 m bgs) to the
surface electrode increased approximately four orders of magnitude with a concomitant
forty-fold decrease in voltage over the resistance range measured (Fig. 5). When
normalized to the surface area of the measurement electrode (50 cm?), the resulting
current density over this resistance range increased from 0.004 to 46 pA/cm’. Power
densities between the electrodes showed a parabolic trend reaching a maximum value of
9.7 uW/cm?® at 400 Q. Similar values were observed for the same electrode pair 85-days
after acetate injection began. This was not the case following the cessation of acetate
injection. By day 150, both current- and power-density decreased dramatically, reaching
maximum values of 2.4 pA/em’ and 0.305 pW/em?, respectively.  Identical
measurements made between SP-2 and the surface electrode revealed a similar trend,
with anomalously high current flow and power production during acetate injection. Only
the results from the measurements made on day 58 are presented (Figure 5).

Power production from SP-1 (6.5 m bgs) to the surface reference electrode was
measured over two ~20-hour time windows, once before and again 59-days after
commencing acetate injection (Figure S3). Prior to injection, power densities remained
relatively constant at ~0.018 pW/cm” over the measurement period. Following acetate-
injection, current flow increased by approximately two orders of magnitude. Power
density decreased rapidly over the first 1.5-hours of measurement, reaching a quasi-
steady state value of 1.040.15 pW/cm? for the remaining 18-hour recording interval.

Impact of Acetate Injection on Aquifer Geochemistry
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Prior to the injection of acetate, the geochemical composition of the groundwater
was fairly consistent across the experimental plot, having very low dissolved oxygen (<6
uM), circumneutral pH (ca. 7), relatively high specific conductivity (ca. 2400 puS cm™),
and SO,~ and U(VI) concentrations ranging from 7.240.2 mM, and 1.5+0.1 pM,
respectively.  Background concentrations of ferrous iron (Fe’") showed greater
variability, ranging from 4.5 pM in the upgradient well to 3.5-45 uM in the downgradient
wells.

Following the injection of acetate, geochemical conditions downgradient from the
injection gallery changed rapidly. Acetate and bromide (data not shown) were detected
in the downgradient wells within 3-days. Both species remained at detectable levels for
the duration of the 68-day injection period, with acetate not falling to levels below
detection until 16-days after injection was suspended. The concentration of sulfide in the
downgradient wells rose rapidly after day 15, fluctuating somewhat, but remaining
elevated for the duration of the injection period and beyond (Figure 6A). A significant
decrease in redox potential (Figure 6B) accompanied the accumulation of sulfide, as did
an increase in pH (Figure 6C). Neither geochemical indicator returned to baseline levels
until significant depletion of sulfide occurred approximately 24 days after acetate
injection ceased. Subsequently, downgradient concentrations of Fe*" increased steadily
over the remainder of the experimental period, whereas upgradient concentrations
remained unchanged or decreased somewhat over the same interval. The rebound in EP
values observed in both electrode wells after halting acetate injection closely tracked the
transition from a sulfide-dominated system to one characterized by elevated

concentrations of Fe*" (Figure S4). Overall an excellent temporal correlation was found



16

to exist between the downgradient EP response and the sulfide and ferrous iron
concentrations, Ep,, and pH values observed in M-21.

As expected given its upgradient location, sulfide concentrations in SP-2 were
typically below detection over the same sampling period (data not shown). Sulfide
concentrations measured in SP-1 after day 42 were similar to concentrations in the other
downgradient wells, although higher levels were occasionally detected (Figure S5). The
accumulation of sulfide in the downgradient wells was always accompanied by a
concomitant decrease in sulfate (data not shown), levels of which did not return to
background values until 30-days after acetate injection ceased.

Dissolved uranium concentrations began to decrease downgradient of the
injection gallery within 5 days after starting acetate injection (Figure S6). Uranium
concentrations decreased to their lowest level after 27 days, after which time they
rebounded somewhat for the duration of the injection. The initial decrease coincided
with the accumulation of Fe*" and extended into the period of sulfide accumulation. The
rebound in uranium closely tracked the rapid increase in pH (Figure 6C) and the near
complete removal of sulfate (data not shown). Following the end of acetate injection,
uranium concentrations fell to their lowest levels, with a high degree of removal
occurring for another 50 days. EP values in excess of -800 mV correlated generally with
high rates of uranium removal over the entire experimental period and strongly in the
period following the cessation of acetate injection. Once EP values fell below -650 mV,
significant removal of uranium continued for a period of less than 15 days.

Galvanic Assessment of Self-Potential Signals
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Laboratory EP measurements were made using a galvanic cell to explore the
mechanism underlying the anomalous voltages observed during sulfate-reduction.  As
sulfide concentrations within the anodic chamber were increased from 0.004 to 4 mM,
the absolute value of the EP voltage measured between the cathodic reference electrode
(Cu’/CuSO4; 1 M CuSO,) and anodic measurement electrode (Cu”) increased from 120 to
938 mV, respectively (Figure 7). A strong correlation existed between the EP values and
the sulfide-mediated cell potentials for concentrations in excess of 0.01 mM. Below this
concentration, the theoretical cell potentials significantly over-predicted the measured EP
response, in agreement with previous findings [Williams et al. , 2007]. Current-voltage
and current-power relationships using the 1 mM concentration confirmed the transfer of
electrons from anode to cathode upon completion of the circuit, with the results (data not

shown) closely matching those obtained on day 58 of the field experiment.

Discussion

To validate the galvanic interpretation of the EP response [Corry, 1985; Nyquist
and Corry , 2002], we showed that under certain laboratory conditions and electrode
configurations EP anomalies reflect geochemical concentration gradients and yield
voltages predictable from the coupled half-cell reactions [Williams et al., 2007]. Here we
tested the hypothesis that electrodic voltages measured between inexpensive and robust
copper electrodes could be used to monitor the geochemical evolution of a uranium-
contaminated aquifer undergoing stimulated bioremediation. Our results confirm that
electrochemical interactions between an electrode surface and the surrounding

environment over spatial scales exceeding 10 meters can generate significant EP
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anomalies. We attribute the anomalies to electrochemical concentration gradients that
developed between both sulfide- and Fe*"-rich regions and areas having higher oxidation
potential (e.g., the ground surface). Temporal voltage variations were diagnostic of the
dominant metabolic process during and after acetate amendment and exhibited a general
correlation with enhanced rates of uranium removal.

Evidence in support of a galvanic mechanism underlying the EP response comes
from the power production results. We observed significant electron flow through the
circuit created by connection of the measurement and reference electrodes. Current- and
power-densities are in excellent agreement with those reported for sulfide-dependent
galvanic fuel cells [Tender et al., 2002; Rabaey et al., 2006; Reimers et al., 2006]. If the
transfer of electrons from reduced to oxidized locations via an endogenous conductor had
been the dominant source of the measured potentials, current flow through the circuit
would have been negligible. The EP signals are therefore unlikely to have resulted from
electron transfer through biogenic materials [ Naudet et al., 2003; Naudet and Revil, 2005;
Reguera et al., 2005; Reguera et al., 2006; Ntarlagiannis et al., 2007] or mineral phases
[Sato and Mooney , 1960] and anomalies of the magnitude reported here cannot be
generated via electrochemical diffusion driven by chemical concentration gradients
[Nourbehecht, 1963].

When the measurement and reference electrodes were bridged through a
voltmeter, a spontaneous galvanic cell was created, with the intervening saturated
sediments acting as the salt bridge necessary for charge conservation and completion of
the circuit (Figure 2). Oxidation of Cu’ to either CuS or Cu,S at the measurement

electrode (anode) occurred during periods of sulfate-reduction, coupled to the reduction
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of Cu®" to Cu’ at the reference (cathode). Under conditions where Fe** was the dominant
species, the oxidation of ferrous to ferric iron at the measurement electrode was coupled
to the aforementioned cathodic reaction.

In considering the anodic half-cell reactions, the geochemical species mediating
the galvanic reactions may either be reactive or passive with respect to the electrode
surface. In the case of the former, bisulfide (the dominant aqueous sulfide phase at pH

>7) can react directly with the copper measurement electrode:

CuSs) + H'+2¢"— Cu’() + HS q) E'=-0338V (1)

CuyS) + H +2¢"— 2Cu’) + HS (o) E’=-0516V )

where the copper sulfide phase favored (CuS or Cu,S) depends upon the sulfide
concentration and the specific pH and E; conditions surrounding the electrode (Figure
S7). Under persistent sulfidic conditions, variations in these three parameters yield
potentials that can vary over a range of nearly 180 mV.

Under conditions where Fe*" is the dominant aqueous species in proximity to the
electrode, the measurement electrode surface is inert and serves the same function as the

platinum electrode in an ORP probe:

FeOOH() + 3H + le' > Fe*' () + 2H,0  E’=0.661 V (3)
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where the form of the iron oxide (here, goethite) determines the value of the reduction
potential. Mineralogical analysis of aquifer sediments from the Old Rifle site has
identified goethite as a dominant oxide phase, and its inclusion in (3) yields cell
potentials in excellent agreement with the EP values observed under Fe**-rich conditions
(Figure S8).

In the absence of competing reactions, the cathodic half-cell reaction is simply

that of the standard Cu’/CuSOy reference electrode, here written as a reduction reaction:

Cu®™ +2¢ — Cu' E'=0340V 4)

With the measurement and reference electrodes thus configured, the reduction
potentials for the coupled half-cell reactions may be calculated, corrected for
concentration-specific effects using the Nernst equation, and subtracted to yield the
overall cell potential for the galvanic pair.

Laboratory experiments in which sulfide concentration gradients were
systematically varied showed a positive correlation between the magnitude of the
measured EP anomaly and the theoretical cell potentials (Figure 7), particularly for
sulfide concentrations in excess of 10 uM. Given the sulfide concentrations observed
during the field biostimulation experiment (30-600 uM), equations (1) and (2) yield
theoretical cell potentials of 740-970 mV, respectively, in close agreement with the
observed EP anomalies. Consequently, the EP anomalies may be used as a semi-
quantitative means for assessing redox zonation under field conditions, especially as it

pertains to the activity of sulfate-reducing microorganisms.
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Hydrogeological variability influences the pattern of acetate delivery, thereby
controlling the onset of sulfate-reduction within the Rifle aquifer. The initial
accumulation and subsequent dispersal of sulfide can be documented using the temporal
EP response. In general, the deeper electrodes responded more rapidly than the shallower
electrodes. Furthermore, EP values for locations closer to the water table rebounded
faster than deeper locations after acetate addition ceased. The high permeability sandy
layer straddling the water table may provide a conduit for re-oxygenation of groundwater,
inhibiting the onset of sulfate-reduction and limiting its persistence at shallower as
compared to deeper locations in the aquifer. These results indicate the utility of EP
measurements for assessing the impact of vertical heterogeneity on remediation efficacy
— an important criterion when implementing remediation approaches across large spatial
scales.

The EP monitoring results suggest eventual delivery of nutrients throughout the
saturated profile downgradient of the injection gallery, an important criterion for
bioremediation success at this site [ Vrionis et al., 2005]. The strong depth dependence of
the onset of sulfide production in downgradient locations, as indicated by the vertical
stratification in EP values (Figure 3), indicates that growth of sulfate-reducing bacteria
exclusively within the wellbore is not the primary source of the EP response.
Geochemical stratification within the borehole should be rapidly eliminated by diffusion
and direct mixing resulting from weekly pumping of 5 to 7 L purge volume during fluid
sampling.

As shown in Figures 3, 6 and S2, the temporal electrode response during the

period of active sulfate-reduction varied within the 178 mV range bracketed by the CuS-
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and Cu,S-forming reactions. Voltage fluctuations within these bounds are expected and
diagnostic of sulfate-reduction, and they need not be ascribed to an erratic electrode
response that yields noisy or questionable data. As shown in Figure S7, expansion of the
stability field of CuS occurs as sulfide concentrations increase. Consequently, EP values
indicative of CuS rather than Cu,S formation may be diagnostic of higher sulfide
concentrations in proximity to the electrode surface. However, changes in pH and E; also
alter the stability of the two copper sulfide phases.

It is important to note that sustained uranium removal corresponded to EP values
in excess of -800 mV, reflective of geochemical conditions favorable to the stability of
the Cu,S, rather than the CuS couple. Fluctuations of EP anomalies toward conditions
conducive to the stability of CuS correlate with higher aqueous uranium concentrations in
the downgradient wells. This may result from either the remobilization of formerly
sequestered uranium or reduced rates of uranium removal. Regardless, geochemical
conditions that yield EP anomalies more negative than -800 mV appear to offer a
diagnostic means for assessing conditions favorable for the sustained immobilization of
uranium.

The predicted potentials when coupling the anodic oxidation of Fe* at the
measurement electrode to the cathodic reduction of Cu®" at the reference electrode for a
range of Fe’" concentrations are shown in Figure S8. The abrupt transition in
downgradient EP values following termination of sulfate-reduction correlates with the
steady increase in Fe’" above background levels (Figure S4). Measured Fe*
concentrations correspond to those estimated from EP data (Figure S8). While the

. 2+ . .. . . . 24+ .
mechanism of Fe™ generation was not confirmed, the post-injection increase in Fe* in
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the downgradient wells is inferred to result from residual microbial iron-reduction, the
subsequent release of Fe*" following the oxidation of FeS precipitated during sulfate-
reduction, or both. The steady decrease in EP magnitude for the downgradient locations
even under conditions where Fe** concentrations increase from 10 to 40 pM is explained
via the galvanic model when the predicted cell potentials are corrected for the
temperature decrease from 17 to 10°C observed during geochemical sampling (Figure

S8).

Conclusions

Our results show the potential of using galvanic techniques for efficiently
monitoring regions of stimulated bioremediation, an emerging approach for sequestration
of toxic metals and radionuclides. Specifically, we have shown that the accumulation of
metabolic end products near an electrode surface during biostimulation -creates
electrochemical changes that are directly detectable using the electrodic potential method
under field conditions. We have resolved spatiotemporal changes in open-circuit
potentials resulting from variations in the onset, location, and sustenance of sulfate
reduction, as well as those resulting from the accumulation of Fe*" associated with iron
reduction or its release accompanying FeS oxidation. EP measurements using robust,
inexpensive, and widely deployable metallic electrodes may thus be useful for evaluating
the sustenance of redox conditions favorable for the long-term stability of reduced

precipitates, better enabling the post-closure management of contaminated sites.
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Figure 1. Plan map of the injection gallery and monitoring well locations used during the
uranium bioremediation experiment near Rifle, Colorado (inset). Borehole electrodic

potential data were acquired along wells SP-1 and SP-2, with the former located

approximately 2.0 m downgradient of the injection gallery.
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Figure 2. Schematic representation of the electrodic potential (EP) monitoring approach.
Copper electrodes are affixed to the outside of well casings and used to monitor changes
in geochemical conditions during stimulated microbial activity. A galvanic cell is
completed upon connection of the subsurface electrodes and a surface-based reference
(e.g. Cu/CuSOy4) through a high-impedance voltmeter. (Inset) Anodic reactions at the
electrode surface are specific to sulfate (H,S-mediated) and iron (Fe*"-mediated)

reduction, with measured voltages diagnostic of the predominant metabolic process.
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Figure 3. Electrodic potential data acquired along well SP-1. The depth to each
measurement electrode and the time elapsed since the start of acetate injection are shown
on the vertical and horizontal axes, respectively, with the color bar representing the
magnitude of the electrodic potential signal. The potentials were diagnostic of stimulated
sulfate reduction, with elevated sulfide concentrations present during the indicated
interval (‘a’ to ‘c’). Acetate injection was halted on day 68, with levels falling below

detection by day 84 (‘b’).
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Figure 4. Electrodic potential data acquired along well SP-2, with axes, color scale, and

labels (e.g. a, b, and c) identical to those shown in Figure 3.
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Figure 5. Current-voltage (open symbols) and current-power (closed symbols)
relationships for the 6.5 m electrode depth in SP-1 (blue, red, and green) and SP-2
(purple). Data were obtained 58 (blue, purple), 85 (red) and 150 (green) days after
beginning acetate addition. Current flow was determined by connecting the reference
and measurement electrodes through a resistor of known value; total current flow and

power production were then determined by iteratively lowering resistance of the circuit.
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Figure 6. Temporal relationship between three key geochemical parameters "(sulfide, Eh,
and pH) measured in well M-21 and the electrodic potential (EP) response of a discrete
electrode located 5.0-m below ground surface in well SP-1 (red line). Variation in the EP
response during the period of sulfate-reduction (15 to 100-days) is believed to result from
differences in the dominant sulfide-mediated anodic half-cell reaction. Geochemical
conditions that favor the stability of either CuS or Cu,S will result in EP values that differ

by approximately 180 mV (Figs. 7, S7).
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Figure 7. Electrodic potentials (EP) measured using a galvanic cell comprised of a
Cu/CuSOy reference electrode (cathode; 1M CuSOs) and a Cu’ measurement electrode
(anode) exposed to varying sulfide concentrations. Shown are the chalcocite (Cu,S) and
covellite (CuS) cell potentials as a function of [S*] (bold lines), the measured EP values
(absolute value; open squares) and theoretical cell potentials (closed squares) at nine
discrete sulfide concentrations. The theoretical cell potentials were determined over the

[HS'] range indicated at 25°C and pH 7.5, as were the measured potentials.



Auxiliary Information. This following is auxiliary/supporting information

consisting of eight figures intended to supplement the material presented in the
manuscript. These include a photograph of the electrode-affixed well casings, co-plots of
electrodic potential and geochemical data, an Eh-pH diagram for the Cu-S-O system,
current-voltage/current-power relationships, and theoretical cell potentials for the

Fe(I1)/FeOOH||Cu(II)/Cu system.



Figure S1. (A) Photograph of the electrode-modified casings; the metallic copper
measurement electrodes were installed on the outside of the well casing at 0.25-m
intervals with the reference electrode consisting of a Cu/CuSOy electrode at the ground
surface (not shown). (B) Close-up view of the bottommost electrode used to obtain the

current-voltage and current-power relationships.
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Figure S2. Electrodic potential (EP) data acquired for a discrete electrode depth (5.0 m)

in wells SP-1 (red) and SP-2 (blue). The transition to relatively stable, post-amendment

values was delayed in SP-1 by 31 days.
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Figure S3. Temporal change in power density in SP-1 for the 6.5 m electrode depth 59
days after beginning acetate addition, as compared to pre-injection values (inset). Power
production was monitored after connecting the borehole electrode to a surface based
reference electrode through a 500-Q resistor. Variability in the power density response
after 14-hours corresponded to the repeated raising and lowering of an instrument within

the wellbore.
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Figure S4. Temporal relationship between electrodic potential (EP) in SP-1 (A; red line)
and SP-2 (B; blue line) and the ferrous iron concentration measured in M-21 (blue
square), B-05 (red square), SP-1 (blue cross), and SP-2 (green cross). The large increase
in ferrous iron measured in M-21 and SP-1 after 110 days correspond to the

disappearance of both acetate and sulfide from groundwater.
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Figure SS. Temporal relationship between electrodic potential (EP) in SP-1 (red line) and
the sulfide concentration measured in M-21 (blue square) and SP-1 (blue cross).
Although sulfide concentrations were not measured in SP-1 prior to day 42, the trend in
sulfide accumulation and disappearance is similar to, and typically in excess of, that

measured in M-21, the nearest monitoring well.
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Figure S6. (A) Temporal relationship between electrodic potential (EP) in SP-1 (red line)
and sulfide (blue square) and uranium (red cross) concentrations measured in M-21. (B)
Expanded view of the time interval immediately following cessation of acetate addition.
Within 12 days following the rebound in voltages, uranium concentrations in the
downgradient wells began to increase. For comparison, the change in the upgradient

uranium concentration measured in B-05 (green cross) is shown.
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Figure S7. Eh-pH diagram for the Cu-S-O system. Expansion of the covellite (CuS)

stability field into that for chalcocite (Cu,S) occurs as the sulfide concentration increases;

three sulfide concentrations (0.01, 0.1, and 1 mM) are plotted, with the lowest

concentration indicated by the bold border. Temporal variations in sulfide concentration,

pH, and Eh during the biostimulation experiment would be expected to favor a specific

copper sulfide phase, thereby influencing the cell potential and measured EP response.
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Figure S8. Theoretical cell potentials for the coupled anodic Fe(Il)/Fe(Ill) and cathodic
C(IT)/Cu(0) half-cells as function of ferrous iron concentration and temperature at pH 7.
Fe(Il)-dependent potentials may be expected in the absence of dissolved sulfide, with the
predicted values in excellent agreement with those observed after 100-days (Fig. 9) for
the range of iron concentrations highlighted (grey region). As indicated in moving from
‘A’ to ‘B’, a decrease in the observed SP voltage would be expected as temperatures

decrease, even under conditions where ferrous iron concentrations increase.





