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Understanding how microorganisms alter their physical and
chemical environment during bioremediation is hindered by our
inability to resolve subsurface microbial activity with high
spatial resolution. Here we demonstrate the use of a minimally
invasive geophysical technique to monitor stimulated
microbial activity during acetate amendment in an aquifer
near Rifle, Colorado. During electrical induced polarization (IP)
measurements, spatiotemporal variations in the phase
response between imposed electric current and the resultant
electric field correlated with changes in groundwater
geochemistry accompanying stimulated iron and sulfate
reduction and sulfide mineral precipitation. The magnitude of
the phase response varied with measurement frequency
(0.125and 1 Hz) and was dependent upon the dominant metabolic
process. The spectral effect was corroborated using a
biostimulated column experiment containing Rifle sediments
and groundwater. Fluids and sediments recovered from regions
exhibiting an anomalous phase response were enriched in
Fe(ll), dissolved sulfide, and cell-associated FeS nanoparticles.
The accumulation of mineral precipitates and electroactive
ions altered the ability of pore fluids to conduct electrical charge,
accounting for the anomalous IP response and revealing

the usefulness of multifrequency IP measurements for monitoring
mineralogical and geochemical changes accompanying
stimulated subsurface bioremediation.
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Introduction

Groundwater contamination by industrial sources and
nuclear weapons programs has promoted research into the
ability of microorganisms to facilitate remediation through
the sequestration of aqueous metals and radionuclides in
insoluble precipitates (1). Much of the research has focused
onmicroorganisms capable of either iron or sulfate reduction,
and both classes have been shown to reductively immobilize
such contaminants under field conditions (2, 3). Given the
range of geochemical interactions accompanying biostimu-
lation, the development of monitoring approaches sensitive
to both the distribution of subsurface metabolic processes
and the precipitation of mineralized end products is sorely
needed.

Near surface geophysical techniques represent such an
approach, providing information about subsurface environ-
ments not directly accessed by boreholes (4). An increasing
number of studies have utilized electrical geophysical
methods to delineate variations in the physical and chemical
properties of sediments during biological experiments (5—8).
Among these methods, the induced polarization (IP) tech-
nique has shown excellent sensitivity to enhanced microbial
activity (5, 7, 9—12). Such studies, combined with theoretical
investigations exploring the electrochemical mechanisms
underlying the IP response (13, 14), suggest it is well suited
to monitoring stimulated subsurface bioremediation under
field conditions.

Analogous to laboratory electrochemical approaches, the
IP method involves injection of variable frequency currents
into the ground and the measurement of resulting voltage
potentials via electrodes located above and below the ground
surface. Variations in the phase and magnitude of the applied
and measured potentials determine the frequency-dependent
electrical properties of the subsurface. Regions exhibiting
large phase shifts between the applied and measured
potential are found to correspond to regions where charge
transfer through the pore fluid is impeded due to a variety
ofinterfacial conduction mechanisms (15— 17). These include
regions where charge transfer changes from electrolytic to
electronic (such as in pore-blocking mineralized rocks) or
where grain surface features impede the normal flow of
current carrying ions (such as in areas of high surface charge
density).

In the current study, we investigated whether changes in
electroactive ion composition and mineral precipitation
accompanying microbial metabolism were detectable using
spectral IP monitoring approaches. Additionally, we inves-
tigated whether the method could delineate regions of
stimulated iron and sulfate reduction due to the accumulation
of distinctive electroactive ions (e.g., Fe(II) and dissolved
sulfide) and the precipitation of semiconductive minerals, a
process known to generate anomalous IP signatures in the
laboratory (11, 12, 18, 19). The contribution of planktonic
and mineral-affixed cells to the spectral IP signatures was
not specifically investigated in this study; however, their role
in generating measurable IP anomalies in the laboratory has
been demonstrated (7, 9, 10). As awide range of IP-generating
mechanisms may accompany field biostimulation activities,
the unambiguous discrimination of any one mechanism may
be particularly challenging.

The contribution of electroactive ions to anomalous IP
signals results from their ability to participate in heteroge-
neous electron transfer reactions with redox active minerals
(20, 21). In contrast to the majority of ions in groundwater
(e.g., Na™, Ca*", Cl-, and SO4*"), Fe(I) and sulfide engage in
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FIGURE 1. Plan map of the injection and monitoring well locations at the Rifle, CO field site; groundwater flow direction is
indicated. Surface induced polarization (IP) geophysical data were acquired along two transects oriented perpendicular (A—A’) and

parallel (B—B’) to groundwater flow.

charge transfer reactions with a variety of minerals (22—24),
with the resistance to charge transfer decreasing as the
concentration of electroactive ions increases (21). This may
occur even in the absence of newly formed mineral phases,
given the presence of naturally occurring authigenic semi-
conductive minerals. The rate at which charge transfer occurs
isinfluenced by a variety of factors, including the composition
and concentration of electroactive ions, as well as the reactive
surface area of the mineral enabling the charge transfer
reaction (21). As a result, the time scale over which charge
transfer occurs will depend upon the specific electrochemical
and mineralogical conditions, yielding a unique frequency-
dependent response.

Although critical frequencies may vary depending upon
whether measurements are made in the laboratory or the
field due to scaling effects, we propose that IP measurements
made at higher frequencies (e.g., >10 Hz) should be more
sensitive to geochemical conditions that facilitate the rapid
transfer of electrons across mineral interfaces; measurements
made at lower frequencies should theoretically track more
sluggish electrochemical processes. Rapid electron self-
exchange rates between aqueous Fe(Ill) and Fe(Il) (25)
suggest that Fe(II)-mediated charge transfer processes should
dominate at higher measurement frequencies, with larger
phase shifts theoretically diagnostic of iron reduction.
Conversely, kinetically slower electron transfer processes
mediated by the oxidation of aqueous sulfide (26, 27) should
dominate at lower frequencies and be diagnostic of sulfate
reduction. Where both processes are stimulated, the pre-
cipitation of FeS and the persistence of either Fe(II) or sulfide
in the pore space should lead to an increase in the phase
response over a wide range of frequencies, with a frequency-
dependent behavior governed by the predominant electro-
active ion and the precipitate surface area and grain size
(13, 28, 29).

Materials and Methods

Site Description. A comprehensive description of the Rifle
Integrated Field Research Challenge (IFRC) site has been
presented elsewhere (2, 30). Briefly, the site is located on a
flood plain in Northwestern Colorado (Figure 1), and the
local aquifer is comprised of ca. 6.5 m of unconsolidated
sands, silts, clays, and gravels. The dominant iron bearing
minerals consist of goethite, chlorite, magnetite, and he-
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matite. The average depth to groundwater is 3.5 m below
ground surface (bgs), and the flow direction is toward the
southwest. Values for hydraulic conductivity and pore water
velocity range from 2—30 m/d and 0.3—0.5 m/d, respectively.
Background geochemical conditions consist of low dissolved
oxygen (<16 uM), circumneutral pH, elevated specific con-
ductivity (2400 4S/cm), and sulfate (7—9 mM) and Fe(II) (4—45
uM) concentrations that vary spatially.

Groundwater Amendment and Sampling. Groundwater
was pumped from an upgradient portion of the aquifer into
a storage tank and amended with sodium acetate and
bromide to achieve aquifer concentrations of 10 and 1 mM,
respectively. Injection in the gallery (Figure 1) labeled “2005”
involved a 68-day acetate amendment targeting sulfate
reduction, whereas the gallery labeled “2004” was used for
a 21-day amendment targeting iron reduction; acetate
injection was halted on the same date in both galleries.

Groundwater samples were pumped at 2—5 day intervals
from amended and unamended wells (Figure 1), and Fe(II)
and dissolved sulfide concentrations of filtered samples (0.2
um) were determined colorimetrically (31, 32). Filtered
samples (0.1 um) were obtained from well M-21 for scanning
and transmission electron microscopy (SEM and TEM)
analysis and preserved anaerobically until the time of analysis
(11).

Sediment Sampling and Analysis. Sediment cores were
recovered from multiple locations 59 days after beginning
acetate injection in the 2005 gallery (e.g., P-51; Figure 1).
Samples from each core were collected and dried anaero-
bically and analyzed for both acid volatile sulfide (AVS) and
Fe(II)/Fe(II) content, as described elsewhere (30).

IP Data Collection and Analysis. Surface IP data were
acquired along two 30 m transects: one parallel (A—A’) and
one perpendicular (B—B’) to groundwater flow direction
(Figure 1). Data were acquired using a modified dipole—dipole
configuration between 30 equally spaced Cu/CuSO;, elec-
trodes, with a dipole spacing of 4 m and a total of 27 potential
dipoles per current dipole. Contact resistance between the
electrodes ranged from 400—800 Q. All data sets consisted
of reciprocal data pairs, wherein electrodes used to apply
current and measure voltage were reversed and data reac-
quired. Data were collected using a Zonge GDP-32 at three
frequencies (0.125, 1, and 10 Hz) with a Zonge ZT-30
transmitter (55 V; maximum current density of 3 mA/cm?).
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FIGURE 2. Phase inversion results for the surface IP data (0.125 Hz) acquired at three time intervals along A—A’ and B—B’; their
locations and those of the indicated boreholes are shown in Figure 1.

The associated relative and absolute resistivity errors were
1% and 0.0001, respectively. Poor data reciprocity between
a majority of dipoles prevented use of the 10 Hz data.
Repeated acquisition of baseline data prior to acetate
injection assessed data reproducibility in the absence of
biostimulation. Subsequent data were acquired 30 and 57
days after injection began in the 2005 gallery, with the latter
data set collected 14 days after starting injection in the 2004
gallery.

The IP inversion results were obtained using CRTomo,
which utilizes an algorithm that solves directly for conduc-
tivity magnitude and phase by consequent adoption of
complex calculus, with the region of interest represented as
a two-dimensional distribution of magnitude and phase
values (33). The two-dimensional approach to processing
represents a legitimate approximation for the study site where
vertical rather than lateral conductivity variations predomi-
nate. Although electromagnetic induction effects can domi-
nate the IP spectrum above 10 Hz (34), accounting for such
effects was neglected, given the data reported (<10 Hz).

Laboratory Column Experiment. The sensitivity of the
IP method to the products of iron and sulfate reduction was
examined in laboratory columns using aquifer materials
perfused with acetate-amended (5 mM) site groundwater
for 90 days, and a flow rate of 0.30 m/d. Effluent and
midcolumn concentrations of aqueous Fe(II) and sulfide were
quantified as described above. Electrical measurements of
phase and conductivity magnitude were made at regular
intervals using a two-channel dynamic signal analyzer over
the frequency range 1-1000 Hz (12).

Results

Impact of Biostimulation on Field IP Signals. The baseline
electrical properties of the aquifer reveal a resistivity and
phase structure comprised of three distinct layers and
moderate lateral variations (Supporting Information (SI)
Figures S1 and S2). The raw baseline and differential IP data
are plotted as pseudosections in SI Figures S3 and S4,
respectively. In the absence of biostimulation, the phase

change was less than +1% (SI Figure S4). Similarly repro-
ducible values for electrical resistivity were observed over
the same interval (data not shown).

During acetate injection, the phase response of the
sediments increased significantly above their baseline values
(Figure 2). The phase anomalies occurred beneath the water
table and were generally confined to locations downgradient
of the injection galleries. Transect A—A’ exhibited the greatest
temporal phase increases and is the focus of the results
presented below. Phase shifts exceeding 16 mrad at 0.125 Hz
were observed after 57 days, an increase of more than 125%
above baseline. In contrast, the electrical resistivity of the
sediments increased only slightly with time (SI Figure S5).

Differences in the magnitude of the phase response at 1
and 0.125 Hz were observed during the two postamendment
measurement periods (Figures 3 and SI Figure S6). Phase
increases were greater at 0.125 Hz prior to starting acetate
injection in the 2004 gallery, after which time, the trend was
reversed. Data collected at 1 Hz exhibited a greater differential
phaseresponse, increasing by 10—12 mrad above preinjection
values, while that collected at 0.125 Hz increased by 6—8
mrad over the same time interval. In both instances and
regardless of frequency, the phase anomalies were offset from
locations immediately downgradient from the 2005 injection
gallery.

The temporal IP results along transect A-A’ generally
replicated those observed the previous year during a 30-day
acetate injection in the 2005 gallery (SI Figure S7). The largest
change in the phase response was similarly offset from the
injection wells in the direction of the 2004 gallery; however,
acetate was not injected into the 2004 gallery at any point
during data collection.

Impact of Acetate Injection on Aquifer Geochemistry
and Mineralogy. Following injection in the 2005 gallery,
acetate and bromide (data not shown) were detected in M-21
within 3 days. The concentration of Fe(II) rose rapidly within
7 days, followed by large increases in dissolved sulfide after
day 15 (Figure 4). During the initial accumulation of sulfide,
Fe(Il) concentrations fell to levels below detection. The
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FIGURE 3. Differential surface IP phase inversion results acquired along A—A" at 0.125 and 1 Hz. The results were obtained by
subtracting data obtained after 30 and 57 days from the baseline data.
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FIGURE 4. Changes in Fe(ll) (O) and sulfide (®) concentrations accompanying acetate injection; groundwater flow is from left to
right. Acetate injection in the 2005 and 2004 galleries began on day 0 and day 43, respectively, and the induced polarization

measurements were made at the times indicated (arrows).

appearance of dark precipitates on both tubing and syringe
filters followed the initial accumulation of sulfide.

Subsequent to acetate injection in the 2004 gallery,
downgradient concentrations of Fe(Il) in M-16 increased
abruptly (Figure 4). Although low levels of dissolved sulfide
were detected, the concentration of Fe(II) remained elevated
throughout the period of acetate amendment. At no point
were dark precipitates observed during the sampling of wells
downgradient of the 2004 gallery.

Postinjection sediment samples revealed spatially distinct
distributions of AVS and Fe(II). Sediments obtained from
regions downgradient of the 2005 injection gallery contained
elevated levels of AVS, ranging from 0.4—1.28 umol/g at P-51
to 1.0—1.74 umol/g at P-53, and were visibly darkened (SI
Figure S8). Sediments obtained from locations downgradient
of the 2004 gallery had AVS values similar to background
sediments, ranging from 0—0.06 umol/g at P-54 and P-55.
The Fe(Il)/Fe(total) ratios ranged from 0.5—0.68 for all
biostimulated locations, as compared to background sedi-
ments, which ranged from 0.1-0.14.

SEM and TEM analysis of dark precipitates obtained from
M-21revealed abundant cells and associated minerals (Figure
5). Energy dispersive X-ray analysis confirmed the precipitates
to be composed primarily of iron and sulfur, although the
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presence of calcium and carbon suggest calcite was also
present. TEM analysis confirmed the association of the
mineral precipitates with cellular membranes (SI Figure S9).
The precipitates ranged in size from individual 2—4 nm
nanocrystals to 100—150 nm aggregates.

Laboratory IP Response Accompanying Iron and Sul-
fate Reduction. The temporal laboratory IP data corroborated
the field measurements, and the baseline phase response
was consistent with the presence of clay minerals and
semiconductive iron oxides, such as magnetite and hematite.
For frequencies >10 Hz, the baseline laboratory phase
response (SI Figure S10) was in close agreement with the
baseline field values (SI Figure S6). The phase values increased
within 5 days, tracking the onset of iron reduction as
evidenced by the accumulation of Fe(Il) (Figure 6A). As the
sediments began to darken, Fe(Il) steadily decreased and
phase values increased across the entire frequency range,
before stabilizing or decreasing slightly as Fe(II) concentra-
tions fell below 10 uM. As sulfide levels increased above 100
uM on day 45, Fe(Il) was no longer detected and dark
precipitates occupied much of the visible pore space. The
significant increase in sulfide concentration over the re-
maining 45 days was accompanying by a steady increase in
the phase response across all but the highest frequencies.



FIGURE 5. (A) SEM image of filter (0.1 zm) residue obtained from groundwater pumped from well M-21 on day 60. Bar: 2 um. (B)
High-resolution TEM image of individual cell and surface-associated precipitates. (C) Energy dispersive X-ray spectrum of

precipitates in (A).
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FIGURE 6. Laboratory results. (A) phase response at four
frequencies: 1 (O), 10 (®), 100 (O), and 1000 Hz (m). (B) Percent
increase in the phase response during iron reduction (red;
measured relative to baseline) and sulfate reduction (blue;
measured relative to day 45). (C) Fe(ll) (red) and dissolved
sulfide (blue) concentrations from effluent (filled) and midpoint
(open) locations.

During the initial period of Fe(II) accumulation, higher
frequencies over the 1—50 Hz range exhibited a larger
percentage increase in the phase response relative to baseline

than did lower frequencies (Figure 6B); no change as a
function of time was observed at frequencies below 1 Hz.
Conversely, the relative increase in the phase response
following the onset of sulfate reduction (day 45) was greater
atlow frequency than at high frequency. An excellent inverse
correlation between frequency and phase response over the
measurement spectrum was observed (R? = 0.97).

Discussion

Using the IP method, we detected anomalous phase signa-
tures correlated in space and time with stimulated microbial
iron and sulfate reduction, with negligible deviation in the
phase response in the absence of such activity. The signatures
were confined to regions where the accumulation of elec-
troactive ions and the precipitation of sulfide minerals were
documented. The spatial development of the phase anoma-
lies was consistent with observations made during a similar
IP monitoring experiment the previous year, where the largest
increases in the phase response were offset from regions
immediately downgradient from the injection boreholes. This
was likely the result of preferential flow of acetate within the
aquifer (30) compounded by alterations in hydrological
properties accompanying biomass and precipitate accumu-
lation following carbon amendment (35).

The modestincreases in resistivity observed in the vicinity
of the injection galleries (SI Figure S5) likely tracked the
accumulation of mineral precipitates, such as calcite (Figure
5) and FeS, which may exhibit a wide range of size-dependent
resistivity values (11). Given the small increase in resistivity
relative to baseline (<2%), its contribution to the anomalous
phase response is inferred to be minor. The elevated phase
shift in the baseline images was likely related to reduced
geochemical conditions resulting from the injection in the
2005 gallery the previous year, as evidenced by elevated Fe(I)
concentrations in M-21, M-22, and M-24 at the time of the
baseline data acquisition (Figure 5).

Although we have interpreted the lab and field phase
anomalies within the context of an electrode polarization IP
mechanism, we cannot completely discount the contribution
of other factors in generating the anomalies, such as the
growth and accumulation of planktonic and mineral-affixed
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biomass during acetate amendment. As noted, other studies
(7,9, 10) have demonstrated the role that cellular components
can play in generating IP phase anomalies; however, the
magnitude of the phase increase associated with biomass
accumulation in these studies has generally been modest
(<1—2 mrad). In contrast, studies of the temporal phase
behavior accompanying biogenic mineral precipitation
(11, 12, 18, 19) have reported phase anomalies more than 1
order of magnitude larger than those involving cells alone.
Given the relatively large phase increases reported here (8—
12 mrad), it seems most likely that the precipitation of
semiconductive minerals and the accumulation of ions
capable of facilitating charge transfer reactions are principle
underlying factors. Nonetheless, our results highlight the
challenges associated with decoupling the myriad contribut-
ing factors to anomalous IP responses generated during
biostimulation of natural sediments.

Whereas disseminated sulfides resulting from ore-forming
(15) and sulfate reducing processes (11, 12) is a well
documented source of IP phase anomalies, the generation
of anomalies accompanying microbial iron reduction is
poorly understood. We propose that the accumulation of
Fe(II) in the vicinity of pre-existing mineral phases is capable
of enhancing the electrode polarization mechanism con-
tributing to the background IP phase response. Charge
transfer across the fluid—mineral interface is enhanced by
the presence of Fe(II), which enables the transition in current
flow from electrolytic to electronic by lowering the charge
transfer resistance across the interface (SI Figure S11). In
sediments where iron-reduction is stimulated, the ac-
cumulation of Fe(Il) could account for an increasing phase
response with time.

Even in the absence of an applied electric field, rapid
electron transfer from Fe(II) to numerous Fe(IIl)-bearing
mineral phases has been demonstrated (22, 23, 36). During
IP measurements, current-induced electron transfer across
mineral interfaces can be enhanced as a result of the applied
electric field. Under such conditions, the phase offset would
be largely controlled by the accumulation of Fe(II) in the
vicinity of the mineral grain:

Fe(Il) + Fe(Ill),;,; — Fe(Ill) + Fe(Il),;, )

where electrons are passed from Fe(Il) to any number of
ferric oxide minerals (e.g., hematite, magnetite, and goethite).
Thereactionis inferred to be largely reversible upon cessation
ofthe applied field or following the change in voltage polarity
during IP measurements. Whereas the reduction of the ferric
oxide may represent the sole electron transfer pathway (23),
the mineral may also act as a conduit for electron transfer
from Fe(I) to more oxidized ions sorbed to the mineral
surface.

For the results presented here, increasing Fe(II) concen-
trations likely lowered the charge transfer resistance across
the fluid-mineral interface (SI Figure S11; R.!), facilitating
greater rates of electron transfer and a phase response
reflective of a diffusion-controlled process (13, 14, 21). Under
such conditions, the composition of the mineral(s) facilitating
electron transfer is of minimal importance and in agreement
with recently reported results (14) and previous studies
investigating the electrochemical nature of the IP response
(13).

As a result of mineral precipitation, the phase response
during sulfate reduction is inferred to be larger than that
occurring during iron reduction. This was documented during
both laboratory and field experiments, where the greatest
increases in the phase response were observed after the
iterative stimulation of both processes and the resultant
precipitation of FeS. This created new paths for current flow
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primarily dependent upon the presence of dissolved sulfide
(S(-ID) (SI Figure S11; R.?):

S(—1D) + FeS,;q — S° + 2~ + FeSy 4 2

The semiconductive properties of FeS enable electron transfer
from dissolved sulfide to more oxidized surface-associated
species through the anodic reaction illustrated in eq 2 and
consistent with models proposed for similar minerals (37).

Furthermore, modest equilibrium concentrations of Fe(II)
(=6 uM) in the presence of dissolved sulfide and FeS can
provide an additional means for facilitating electron transfer
during sulfate reduction (38), as shown in eq 3.

Fe(Il) + FeS,, — Fe(ll) + le” + FeS,,, ()

This effect may come to dominate when Fe(II) and FeS
are present, as was the case during IP measurements made
on day 57, or when poststimulation conditions favor Fe(II)
rather than S(—II) as the dominant electroactive species.

The observed frequency-dependent IP response may also
result from rapid electron transfer by sorbed versus aqueous
electroactive ions. Under the pH conditions of the laboratory
and field experiments, a large fraction of the Fe(II) formed
during iron reduction sorbs to iron oxide surfaces (39). As
a result, charge transfer across the fluid—mineral interface
is expected to occur even during the high frequency
measurements due to the minimal time required for diffusion
to and adsorption onto the mineral surface (21). Whereas
the Fe(II)-dependent high frequency phase response was
documented in the laboratory experiment, we can only rely
upon the 1 Hz data to support the proposed IP mechanism
under field conditions. Where possible, efforts to correct
subsequent field high frequency measurements for electro-
magnetic artifacts are warranted, as the laboratory experi-
ment indicated greater sensitivity to the accumulation of
Fe(II) at frequencies approaching 100 Hz. Until scaling issues
are addressed, however, direct comparisons between labo-
ratory and field measurements at a given frequency must be
considered qualitative.

The enhanced sensitivity of the low frequency measure-
ments to aqueous sulfide and metal sulfides is interpreted
to result from the longer time scales involved in sulfide-
mediated faradaic processes. Diffusion of sulfide and sorption
onto mineral surfaces are required in advance of charge
transfer across the fluid—mineral interface. Although data is
sparse, sulfide-mediated electron transfer reactions appear
to proceed more slowly than those involving Fe(I) (26),
possibly due to the slower two-electron transfer indicated in
eq 2. The more sluggish charge transfer kinetics should
theoretically lead to larger phase anomalies at lower fre-
quency, where applied voltages are maintained for extended
periods of time.

Our results represent the first field demonstration of an
IP monitoring approach designed to track geochemical and
mineralogical changes accompanying stimulated subsurface
bioremediation. The approach may be generally applicable
to spatially extend geochemical data from a limited number
of boreholes providing valuable information for assessing
remediation efficacy over large spatial scales. We report a
frequency-dependent phase response sensitive to both the
predominant metabolic process (i.e., iron or sulfate reduc-
tion) and the accumulation of biogenic mineral precipitates
(e.g., FeS). The spectral effect was corroborated using a
laboratory column experiment where stimulation of the two
metabolic pathways was sufficiently offset in time to allow
for evaluation of their independent contributions to the IP
response. While different forms of charge transfer ac-
companying iron and sulfate reduction are believed to be
responsible for the spectral effect, investigation of other



frequency dependent IP mechanisms, such as biofilm
formation, mineral growth, and aging, and the precipitation
of secondary minerals (e.g., calcite), is warranted.
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