
Electrical conductivity as an indicator of iron reduction rates
in abiotic and biotic systems

Aaron Regberg,1 Kamini Singha,1,2 Ming Tien,3 Flynn Picardal,4 Quanxing Zheng,4 Jurgen Schieber,5

Eric Roden,6 and Susan L. Brantley1,2

Received 17 May 2010; revised 26 November 2010; accepted 20 December 2010; published 16 April 2011.

[1] Although changes in bulk electrical conductivity (�b) in aquifers have been attributed to
microbial activity, �b has never been used to infer biogeochemical reaction rates
quantitatively. To explore the use of electrical conductivity to measure reaction rates, we
conducted iron oxide reduction experiments of increasing biological complexity. To quantify
reaction rates, we propose composite reactions that incorporate the stoichiometry of five
different types of reactions: redox, acid-base, sorption, dissolution/precipitation, and
biosynthesis. In batch experiments and the early stages of a column experiment, such
reaction stoichiometries inferred from a few chemical measurements allowed quantification
of the Fe oxide reduction rate based on changes in electrical conductivity. The relationship
between electrical conductivity and fluid chemistry did not hold during the latter stages of
the column experiment when �b increased while fluid chemistry remained constant. Growth
of an electrically conductive biofilm could possibly explain this late stage �b increase. The
measured �b increase is consistent with a model proposed by analogy from percolation
theory that attributes the increased conductivity to growth of biofilms with conductivity of
�5.5 S m�1 in at least 3% of the column pore space. This work demonstrates that
measurements of �b and flow rate, combined with a few direct chemical measurements, can
be used to quantify biogeochemical reaction rates in controlled laboratory situations and may
be able to detect the presence of biofilms. This approach may help in designing future field
experiments to interpret biogeochemical reactivity from conductivity measurements.
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1. Introduction
[2] Microorganisms impact subsurface chemistry in ways

that may affect fluid and bulk electrical conductivity �f and
�b [Atekwana et al., 2004a, 2004b, 2004c]. For instance, the
study of an aquifer contaminated with hydrocarbons at the
Crystal Refinery in Carson City, Michigan, revealed a zone
of increased �b near the hydrocarbon-water interface that
corresponds to increased microbial activity [Werkema et al.,
2003]. A conceptual model has been suggested to explain
conductivity increases at contaminated sites [Sauck, 2000],
and specific microbial processes like iron reduction, metha-

nogenesis, sulfate reduction, and sulfide oxidation have
been identified [Allen et al., 2007].

[3] To date, field-scale �b measurements have been diffi-
cult to interpret mechanistically because of the complicated
nature of larger systems. Even laboratory measurements of
�b in biogeochemical systems have been difficult to inter-
pret. Bulk conductivity has been measured in biogeochemi-
cal systems containing environmental consortia (i.e., a
culture containing all the bacterial species from a natural
system) [Abdel Aal et al., 2004; Davis et al., 2006], and in
some cases, additional electrical measurements of complex
conductivity [Ntarlagiannis et al., 2005; Abdel Aal et al.,
2009] and self-potential [e.g., Ntarlagiannis et al., 2007]
were collected to provide further insights. Despite this work,
many unanswered questions remain regarding the effect of
microbial growth and respiration on �b in natural systems
and in laboratory experiments.

[4] In this paper we describe a series of simple experi-
ments focusing on specific microbial processes to elucidate
the effects of these processes on changes in chemistry, �f
and �b. Specifically, we investigate if it is possible to quan-
tify biogeochemical reaction rates from changes in electrical
conductivity measured in systems with dissimilatory iron-
reducing bacteria (DIRB). Dissimilatory iron-reducing organ-
isms commonly impact subsurface water chemistry under the
anoxic conditions associated with organic-contaminated
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aquifers [Christensen et al., 2001]. Furthermore, DIRB are
ubiquitous [e.g., Abrams and Loague, 2000; Bennett et al.,
2000; Scheibe et al., 2006] because iron oxides are an abun-
dant terminal electron acceptor [Christensen et al., 2001].
We report experiments of increasing complexity from abiotic
batch experiments to batch experiments using a pure culture
of a DIRB (Shewanella oneidensis MR�1) to a column
experiment. We chose to use a pure culture in the batch
experiments for ease of interpretation. For the column experi-
ment, we switched to an environmental consortium to better
mimic natural systems.

[5] Our experiments were designed to build the capability
to combine chemical measurements (e.g., pH and [Fe(II)])
from a limited number of locations with geophysical meas-
urements of electrical conductivity to yield models of sub-
surface biogeochemical activity. Currently, understanding
biogeochemical reactions in aquifers requires extensive
sample collection at many locations (e.g., monitoring wells)
followed by time-consuming laboratory analyses for each
sample. In contrast, geophysical methods may provide data
that can map out reactions over spatially broader zones. To
quantify reaction rates, it will be necessary to attribute spa-
tially integrated changes in electrical measurements to dis-
crete changes in fluid chemistry. Here we demonstrate how
inferred reaction stoichiometries (Table 1) can be used in
increasingly complex experimental systems to determine
reaction rates; this development should provide a frame-
work for future research in natural systems.

[6] We demonstrate a link between changes in concentra-
tions and electrical conductivity versus time in the batch
experiments. We are able to convert a change in conductiv-
ity versus time into a change in concentration versus time,
which can then be used to calculate a geochemical reaction
rate. Similarly, in the column experiment, concentrations in
effluent change with time and document reaction rate.
Because of the spacing of electrodes in the column, the
electrical measurements represent an average conductivity

of the entire volume. Early in the column experiment, �b
correlates to effluent chemistry and can be converted to an
inferred reduction rate for the column. At later times, �b is
influenced by another process, hypothesized here to be bio-
film growth, and no longer reflects iron oxide reduction rates.

2. Electrical Conductivity and Reaction Rates
[7] Below, we demonstrate how electrical conductivity

methods are useful for measuring biogeochemical reaction
rates. For a defined chemical reaction, the differential
change in reaction extent d� is defined as a function of nj,
the moles of species j :

d� ¼ dnj

�j
; ð1Þ

where �j is the stoichiometric coefficient of the reaction
(>0 for products and <0 for reactants). The rate of the
reaction R is defined at constant volume V as

R ¼ d�
dt
¼ VdCj

�jdt
; ð2Þ

where Cj is the concentration of species j in the pore fluid
(mol m�3). For species that are ions in solution, the follow-
ing relation can be written to define �f (S m�1):

�f ¼ F
X

j

Zj

�� ��Cj�j ; ð3Þ

where F is Faraday’s constant (C mol�1) and Zj and �j (m2

(V s)�1) are the charge and electrical mobility of ion j.
Combining equations (2) and (3) yields

d�f ¼ F
X

j

jZjj�jdCj ¼
F
V

X

j

jZjj�j�jd� ð4Þ

Table 1. Reaction Stoichiometries

Reaction Number Type Reaction

Individual Reaction Types That Are Summed Into Composite Reactions

(R1) Redox (metal reduction) Reductant þMOOH! Oxidant þM2þ þ 2 OH�

(R2) Acid-basea HnA! mHþ þ H(n�m)A
m�

(R3) Sorption :SOH þM2þ !:SOMþ þ Hþ

(R4) Biosynthesis 0.05 NH4
þ þ 0.125 CH3COO� þ 0.075 Hþ ! 0.05 C5H7O2N þ 0.15 H2O

(R5) Redox (methanogenesis) 0.125 CH3COO� þ 0.125 H2O! 0.125 HCO3
� þ 0.125 CH4

(R6) Dissolution/precipitation M2þ
(aq) þ HCO3

� !MCO3(s) þ Hþ

Composite Reactions

(R7) Abiotic 9 C6H8O6 þ 4 �-FeOOH(s) þ Hþ ! 4 Fe2þ þ 8 H2O þ 7 C6H7O6
�

þ 2 C6H6O6

(R8) In vitrob HCOO� þ 2 �-FeOOH(s) þ x :FeOH þ (5�x) HL� ! 4 H2O
þ (5�x) L2� þ x :FeOFeþ þ CO2 þ (2�x) Fe2þ

(R9) In vivob HCOO� þ 2 �-FeOOH(s) þx :FeOHþ (5�x) HL� ! 4H2O
þ (5�x) L2� þ x :FeOFeþ þ CO2 þ (2�x) Fe2þ

(R10) Columnb CH3COO� þ 2.32 �-FeOOH(s) þ 0.044 NH4
þ þ 0.0696 :SOH

þ 2.3048 HL� þ 0.8616 HCO3
� ! 0.6 CH4 þ 0.2088 Fe2þ

(aq)

þ 2.0416 FeCO3(s) þ 0.0696 :SOFeþ þ 0.044 C5H7O2N
þ 3.012 H2O þ 2.3048 L2�

aHnA is the conjugate acid and H(n�m)A
m� is the conjugate base, where n is the number of hydrogen atoms on acid and m is the number of hydrogen

atoms released.
bHere x is the fraction of reduced iron [Fe(II)sorbed]/([Fe(II)sorbed]þ[Fe(II)aqueous]) that sorbs to surfaces (denoted as :S or :Fe). L is HEPES

(C8H18N2O4S) in batch experiments or PIPES (C8H18N2O6S2) in column.
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R ¼ d�f

dt
V
F

1P
j
�jjZjj�j

: ð5Þ

[8] Combining equations (2) and (5), separating varia-
bles, and integrating over time yields

Cj ¼ C0
j þ

�j

F
P

j
�jjZjj�j

ð�f � �0
f Þ ; ð6Þ

where C0
j and �0

f are initial ion concentrations and fluid
conductivity, respectively. Equation (5) can be used to cal-
culate a chemical reaction rate from a change in �f if the
stoichiometry of the reaction is known. As shown in equa-
tion (4), the change in �f is directly related to the change in
reaction extent. Equation (6) demonstrates that the term

�j

F
P

j

�jjZjj�j
will control the slope of a plot of �f versus con-

centration Cj.
[9] The bulk conductivity of a fluid-saturated porous me-

dium �b can often be described as a function of �f with the
following equation:

�b ¼ a�1�f �
m; ð7Þ

where � is porosity [e.g., Archie, 1942; Balberg, 1986].
Here a (generally varying from 0.62 to 3.5) and m (from
1.37 to 1.95) are empirical factors related to the extent
of cementation and tortuosity. The primary assumption
behind equation (7) is that the solid phase is nonconductive
relative to the liquid phase. When this is the case, �b is
expected to vary predictably as a function of �f according
to equation (7). However, in some settings, especially in
the presence of clays, the assumption of a single noncon-
ductive solid phase may be incorrect. For such cases where
�b does not vary with �f as described by equation (7), the
expression is often modified to include a surface conductiv-
ity term �surf :

�b ¼ a�1�f �
m þ �surf : ð8Þ

[10] The term �surf is sometimes attributed to the pres-
ence of clay coatings on grains or, at larger scales, the pres-
ence of shale in the porous media [Juhasz, 1981; Sen and
Goode, 1992; Revil and Glover, 1998]. Alternately, at the
grain scale, �surf is attributed to conduction through the elec-
trical double layer around mineral grains [e.g., Waxman and
Smits, 1968; Juhasz, 1981; Johnson et al., 1987; Schwartz
et al., 1989; Revil and Glover, 1997; Revil et al., 1998].

[11] Another approach used to modify equation (7) is to
assume the presence of two conductive phases with bulk
electrical conductivities �1 and �2 contributing to �b [e.g.,
Glover et al., 2000]:

�b ¼ �1�
m
1 þ �2�

p
2 : ð9Þ

[12] Here � is the volume fraction of phase 1 or 2 and
m and p are treated as fitting factors related to the tortuosi-
ties of phases 1 and 2, respectively. Notably, for both
equations (8) and (9), conductivity terms are summed to
describe �b. If surface conduction or secondary phases

become significant contributors to �b, then the interpreta-
tion of chemical reaction rates from changes in �b using
equation (5) becomes difficult or impossible.

[13] One goal of this research is to identify criteria that
describe when biogeochemical conditions are favorable for
interpreting subsurface reaction kinetics from electrical
conductivity measurements. With such a mechanistic
understanding, geophysical measurements might be inter-
preted more accurately for field systems.

3. Laboratory Experiments
[14] We first conducted a series of abiotic, in vitro, and in

vivo batch experiments to test the effect of iron oxide
reduction on �f with as few reactions and confounding vari-
ables as possible. In each case, synthetic goethite (4.5 mg
mL�1) [Cornell and Schwertmann, 2003] was reduced in
reactors in triplicate. The goethite was synthesized in two
batches, and the surface area was measured with a Micro-
meritics ASAP 2000 BET surface area analyzer. Each reac-
tor was a continuously stirred 50 mL flask maintained at
ambient temperature. The concentration of the electron do-
nor was varied to change the reaction rate.

[15] Abiotic experiments contained 0.01 or 0.1 M ascor-
bic acid solution and goethite [Zinder et al., 1986]. In vitro
experiments allowed exploration of biological Fe reduction
catalyzed by bacterial cell membranes without the compli-
cation of live cells ; experiments were conducted with ali-
quots of total membrane fraction (TM) from Shewanella
oneidensis MR�1 (0.1 mg mL�1) with 0.001, 0.01, or
0.1 M Na formate as the reductant [Ruebush et al., 2006]
in 100 mM 4-(2-hydroxyethyl)-1-piperazinethanesulfonic
acid (HEPES) buffer (pH ¼ 7) under a 5% H2 –95% N2
headspace. In vivo experiments were inoculated with
0.8 mg cells mL�1 of S. oneidensis in buffered solution
with 0.01 or 0.1 M Na formate as the reductant under non-
growth conditions [Ruebush et al., 2006]. To inhibit cell
growth, neither nitrogen nor phosphorus were added.

[16] For all batch experiments, pH was measured in situ.
Aliquots of the slurry were collected every 20 min, filtered
through a 0.2 mm filter, and analyzed for Fe(II) concentra-
tion, [Fe(II)(aq)], using ferrozine [Stookey, 1970; Violier
et al., 2000]. Solid-associated (adsorbed and/or precipitated)
Fe(II) was extracted by adding 100 mL of 2 N HCl to
300 mL of unfiltered slurry to obtain a final concentration of
0.5 N HCl. The resulting solution was immediately centri-
fuged at 13,200 rpm for 1 min to pellet the suspended sol-
ids. A 50 mL sample was removed from the supernatant for
analysis with ferrozine [Lovley and Phillips, 1986]. Addi-
tionally, �f was measured every 10 min (60.0005 S m�1)
with an Orion conductivity cell and every minute with an
IRIS Syscal Pro meter with four electrodes (Wenner array,
1 cm spacing) designed for field geophysical measurements.
The Orion cell consists of a set of graphite electrodes em-
bedded in plastic. In contrast, the geophysical electrodes
consist of Ag/AgCl wire insulated such that only the tip of
the wire is conductive. The �f measurements with either the
Orion cell or the field instrument take <1 s to collect and
involve injecting small amounts of current (�0.1mA) into
the solution. Changes in �f versus time were compared to
changes in aqueous and adsorbed Fe(II) concentrations ver-
sus time and were used to calculate reaction rates.
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[17] To scale up from the batch experiments, iron reduc-
tion rates were measured in a flow-through column experi-
ment. The column reactor (20.3 cm long, 7.6 cm ID) was
constructed from an acrylic tube with walls 1.27 cm thick
packed with 1552 g of air-dried, sieved, iron mineral-
bearing sediment (2 wt % Fe) from the subsurface at Oys-
ter, Virginia [Penn et al., 2001]. The sediment was not
sterilized by autoclave or exposure to radiation to avoid
alteration of the sediment mineralogy. The large aspect
ratio and thick walls of this column preclude significant O2
diffusion [Kjeldsen, 1993]. The effluent end of the column
was loosely packed with glass wool to prevent the transport
of fine particles out of the column. The sediment was
mixed with a microbial inoculum of shallow subsurface
sediment from Dorn Creek in Madison, Wisconsin (9:1
ratio by mass). Such an environmental consortium contains
all the species present in the natural system and was used
instead of a pure culture to mimic natural conditions. The
initial effective porosity was 0.33 and was measured with a
NaBr tracer by determining when 50% of the tracer had
exited the column [Knutsson, 1966; Freeze and Cherry,
1979]. Sterile, anoxic, 1,4-Piperazinediethansulfonic acid
(PIPES)-buffered artificial groundwater (PBAGW) with
1 mM acetate and <5 mM Fe(II)aq (hereafter [Fe(II)(aq)]in)
was pumped at 2 mL h�1 through Teflon tubing using a glass
syringe pump. The PBAGW contains NaCl (0.15 g L�1),
CaCl2 (0.30 g L�1), MgCl2-6H2O (0.50 g L�1), KH2PO4
(0.006 g L�1), NH4Cl (0.01 g L�1), NaHCO3 (0.25 g L�1),
PIPES (3.35 g L�1), trace elements, and vitamins. All efflu-
ent was collected daily in a N2-purged tube and analyzed for
acetate concentration, [acetate]out, using high-performance
liquid chromatography, for [Fe(II)(aq)]out using ferrozine, and
for [NH4

þ]out using o-phthaldialdehyde [Holmes et al.,
1999]. The flow rate was confirmed by measuring the volume
of effluent collected each day.

[18] A Ag/AgCl wire electrode inside a glass tube filled
with KCl-saturated agar was inserted 3.8 cm into the center
of the column at a point 2.96 cm from the inlet at the bot-
tom. Three more identical electrodes were inserted every
4.8 cm along the rest of the column axis (Figure 1). Only
the tips of the electrodes were designed to be conductive.
These electrodes are adequately nonpolarizable and resist-
ant to reaction [Vanhala and Soininen, 1995]. To make �b
measurements, current I was injected across the outer two
electrodes at large enough levels (0.1 –0.2 mA) so that volt-
age could be measured across the inner electrodes but low
enough to avoid inducing electrochemical reactions. We
began these measurements on day 70, as the concentrations
in the column effluent were approaching steady state. An
IRIS Syscal R2E resistivity meter was used to measure the
voltage twice daily. Each �b measurement takes <1 min.
From the measured voltage V, �b was calculated using
Ohm’s law, V ¼ I/S, where S is conductance. A geometric
factor K (m) was used to convert S (in Siemens) to �b
(S m�1):

�b ¼ K�1S : ð10Þ

[19] Here K�1 for the column was calculated to equal
0.0936 m�1 using COMSOL Multiphysics [COMSOL,
2008], a finite element analysis software package. Measure-
ments of �b collected for the column experiment represent

a volume-weighted conductivity value over the area
encompassed by the electrodes.

[20] At the conclusion of the experiment at 198 days,
sediment was removed and examined with a FEI Quanta
400 FEG environmental scanning electron microscope
(ESEM). Sediment samples were placed on 0.5 in. diameter
Al sample stubs, allowed to air-dry for 30 min, and then
immediately examined with scanning electron microscopy
(SEM) under vacuum. All samples were examined in low-
vacuum mode at 90 Pa chamber pressure. The operating
voltage of the SEM was 15 kV. Samples were imaged
simultaneously in secondary electron (SE) and backscatter
electron (BSE) mode, and selected areas were also exam-
ined for elemental composition by energy dispersive X-ray
spectroscopy (PGT Spirit EDS system).

[21] To extract sorbed Fe(II), 0.5 N HCl was incubated
for 24 h with 10 g portions of the unwashed sediment from
the top, bottom, and middle of the column following pub-
lished experimental protocols [Heron et al., 1994]. A sepa-
rate analysis was also used to determine the amount of
siderite and vivianite precipitation. In this latter extraction,
the masses of CO2, Fe, Ca, Mg, and P released were meas-
ured after the reaction of 10 mL of 1 N HCl with 10 g of
acetone-washed, postreaction column sediment for 24 h in
a sealed vessel [White et al., 1999]. It was assumed that all
the Ca and Mg extracted with 1 N HCl was derived from
solubilized carbonate minerals. The moles of CO2 released
were attributed to calcite and dolomite on the basis of the
Ca and Mg concentrations in the 1 N HCl extraction, and

Figure 1. Schematic of the column reactor. Electrodes
were Ag/AgCl wires encased in glass tubes and were only
conductive at the tip.
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the remainder of the CO2 was attributed to siderite. A minor
amount of excess Fe could be attributed to vivianite precipi-
tation on the basis of the amount of P released. However,
thermodynamic calculations performed with the geochemi-
cal speciation code PHREEQC using the default database
[Parkhurst and Appelo, 1999] indicated that vivianite
(Fe(PO4)2 � 8 H2O) was undersaturated (Saturation Index ¼
�0.23); therefore, we assumed no vivianite precipitation.
Any remaining Fe from the 1 N HCl extraction was consid-
ered as adsorbed onto mineral surfaces.

[22] Instantaneous Fe(II) release rates normalized to
sediment surface area Rrelease (mol Fe m�2 d�1) were calcu-
lated as follows:

Rrelease ¼
ð½FeðIIÞðaqÞ�out

� ½FeðIIÞðaqÞ�inÞQ
AM

; ð11Þ

where Q is the flow rate (L d�1), A is the specific surface
area of sediment (m2 g�1), and M is the column sediment
mass (g). [Fe(II)(aq)]in was observed to be below detection
(�5 mM). As discussed in section 4.2, instantaneous Fe
release rate can be calculated for aqueous Fe alone on the
basis of equation (11) or a cumulative total release rate can
be calculated from the sum of sorbed þ aqueous þ precipi-
tated Fe(II), Fe(II)TOT:,

Rtotal
release ¼

mFeðIIÞTOT

AMt

¼
ðmFeðIIÞðaqÞout þ mFeðIIÞðsorbedÞ þ mFeðIIÞðsideriteÞÞ

AMt
:

ð12Þ

[23] Here m is the cumulative moles of Fe(II)aq released
from the column, the total Fe(II) sorbed, or total Fe(II)
precipitated as siderite by the end of the experiment at time
t ¼ 298 days. The specific surface area of the sediment A
was set equal to �1.48 m2 g�1 as measured in a previous
study [Knapp et al., 2002].

Figure 2. Temporal evolution of measured fluid electrical
conductivity (�f , S m�1) during goethite reduction for (a)
abiotic, (b) in vitro, and (c) in vivo batch experiments. All
symbols represent data measured with the laboratory con-
ductivity meter unless otherwise indicated. The initial
increases in conductivity observed in the abiotic experi-
ments were from 1.18 to 4.25 � 10�5 S min�1; changes in
vitro were in the range 2.63 – 37.6 � 10�5 S min�1, while
rates in vivo varied from 2.0 to 3.0 � 10�5 S min�1. Error
bars indicate 1 standard deviation around the mean for rep-
licate experiments; where no error bars are shown, standard
deviations are smaller than symbols. In vitro rates were
measured with fragments of the total membrane (TM) frac-
tion of Shewanella cells as described in text, while in vivo
rates were measured in the presence of cultures of Shewa-
nella. No reduction was observed for controls without
ascorbate (Figure 2a), TM (Figure 2b), or formate (Figure
2c). Note that �f was adjusted to plot at 0 for time 0 in
each experiment.
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4. Results
4.1. Batch Experiments

[24] Electrical conductivity measured with the field and
laboratory electrodes in the batch experiments agreed
within 615% (Figure 2a). The noise using the field instru-
mentation is attributed to small changes in electrode spacing
caused by removing aliquots from the flask for chemical
measurements. As expected, the laboratory instrument, with
fixed electrode spacing, demonstrated better precision.

[25] Given the low reactivity of goethite, no change in �f
was observed when the reductant was absent in the abiotic
experiments; however, when ascorbate was present, �f
increased with time, and the rate of increase accelerated with
increasing concentration of ascorbate (Figure 2a). Note that
in Figure 2 all experiments are plotted such that �f ¼ 0 at
time 0; that is, the starting �f was subtracted from all subse-
quent �f measurements. The pH in the abiotic experiments
started at 3.2 and increased to 4.6 at experiment termination.

[26] For in vitro and in vivo experiments, no conductiv-
ity change was observed, even in the presence of reductant
(formate) unless TM or whole cells were present to cata-
lyze the reaction (Figures 2b and 2c). When the reductant
and catalyst were present, �f (Figure 2) and [Fe(II)aq]
(Figure 3) increased with time, and the rates of change in
�f increased with greater concentrations of formate (Fig-
ures 2b and 2c). The pH remained constant in vitro and in
vivo because of the presence of a HEPES buffer. At experi-
ment termination, the concentration of sorbed Fe(II) per
liter of solution was <1%, 97% 6 3%, and 80% 6 2% of
the total [Fe(II)] for abiotic, in vitro, and in vivo experi-
ments, respectively (Table 2).

4.2. Column Experiment
[27] In the column experiment, [Fe(II)(aq)]in was below

detection (�5 mM), and [Fe(II)(aq)]out increased to a steady
state value of 0.18 mM by day 50. The release rate at day

50 was equal to 8.64 mmol Fe(II)aq d�1 and was equivalent
to Rrelease ¼ 0.0038 6 0.0002 mmol Fe(II)aq m�2 d�1 (equa-
tion (11) and Figure 4).

[28] Measured [acetate]out decreased below detection
(�0.05 mM) after day 75 (Figure 4), consistent with a
steady state instantaneous consumption rate of �39.1 mmol
acetate d�1. [NH4

þ]out also attained steady state values
(0.16 mM) at day 75, consistent with an instantaneous con-
sumption rate of 1.8 mmol NH4

þ d�1 (Figure 4). Acetate
consumption is necessary for microbial respiration and
growth. In contrast, NH4

þconsumption only occurs for cell
growth. Cell growth into biofilms is consistent with obser-
vations by SEM on the reacted sediments that revealed
carbon-rich coatings (Figure 5).

[29] At the conclusion of the experiment, the average of
the 0.5 N HCl extractable Fe(II) for four samples was 7.61
6 0.59 mmol (equivalent to 0.0049 mmol g�1 sediment).
There was a noticeable trend in the 0.5 N HCl extractable
Fe(II) measured in these four samples. Sediment samples
collected along the length of the column showed a decrease
in concentration from 0.0067 mmol Fe(II) g�1 sediment at
4 cm from the inlet to 0.0063 mmol Fe(II) g�1 sediment at
8 cm from the inlet to 0.0030 mmol Fe(II) g�1 sediment
at 12 cm from the inlet to 0.0050 mmol Fe(II) g�1 16 cm
from the inlet. These values were corrected for the initial
concentration in sediment, observed to equal 0.001 mmol
Fe(II) g�1. The average value of all four samples is
reported in Table 2.

[30] At the conclusion of the experiment, 16.45 6 0.002
mmol sorbed 6 precipitated Fe(II) (equivalent to 0.0106
mmol g�1 sediment) were extracted with 1 N HCl. Of this
total, 1.4 6 5.16 mmol of Fe(II) were attributed to sorbed
Fe(II) on the basis of the argument described in the next
paragraph. Within 2 standard deviations this value was the
same as the Fe(II)sorbed measured in the 0.5 N extraction
(7.61 6 0.59 mmol). The 0.5 N HCl probably extracted
some siderite [Heron et al., 1994] also.

[31] The 1 N HCl extraction released 39 mmol CO2 g�1

sediment (equivalent to 60.5 mmol CO2 for the entire reac-
tor). Of this, 46.1 mmol were attributed to Mg and Ca car-
bonates (on the basis of Ca and Mg measurements in the
extractant), and the remaining 14.4 6 5.16 mmol of CO2
were attributed to siderite. However, this extraction released
16.45 mmol Fe, leaving 2.05 mmol noncarbonate Fe. Since
we calculated vivianite to be undersaturated, we did not
include it in our mass balance. Therefore, the remaining
2.05 6 5.16 mmol of Fe(II) was present as sorbed Fe(II).
No siderite or vivianite were detected in fresh sediment
before the experiment.

[32] On the basis of these data, a total of 18.10 mmol of
Fe (released Feaq þ 1 N HCl extracted Fe) were reduced
over 198 days. This includes the cumulative release of
aqueous Fe(II) determined by summing the mass of Fe(II)
in each sample, i.e., 1.653 mmol over 198 days. Therefore,
of the 18.10 mmol of Fe reduced, >90% was retained in the
column. These values are equivalent to 91.4 mmol Fe(II)TOT
d�1 or 0.0398 mmol FeTOT m�2 d�1 of reduction, assuming
a constant reduction rate over the entire experiment (equa-
tion (12)).

[33] Similarly, the cumulative consumption of acetate
was determined to be 8.08 mmol by summing the mass of
acetate in each outlet sample and subtracting this value

Figure 3. Fluid electrical conductivity �f increases as
[Fe(II)aq] increases in abiotic (circles), in vitro (triangles),
and in vivo (stars) batch experiments. The slope of �f
(S m�1) versus [Fe(II)aq] is a reflection of the reaction stoi-
chiometry of each type of experiment (see equation (6)). In
all cases, �f measured at the start of the experiment has
been corrected to start at 0.
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from the total mass of acetate introduced to the column
over the entire experiment. This corresponds to a cumula-
tive acetate consumption rate of 40.8 mmol d�1. Note that
this value is very similar to the instantaneous acetate con-
sumption rate calculated previously from effluent chemistry
and flow rate.

[34] Influent �f equaled 0.276 S m�1 throughout the
experiment, and steady state effluent �f after day 70
equaled 0.281 S m�1, as calculated from measured ionic
concentrations. In contrast, measurements of �b across the
column remained constant (�0.055 S m�1) only from
day 70 to 120, but after day 120, �b began to increase to
�0.18 S m�1 (Figure 4). The ionic strength of the effluent
remained constant at 26 mM during this increase in �b.

5. Discussion
[35] The intent of this research was to develop an

approach to interpret field measurements of electrical con-
ductivity in terms of biogeochemical reaction rates. This is
an inverse problem and will yield nonunique, model-derived
reaction rates that must be constrained by chemical meas-
urements. With these chemical measurements, the reaction
stoichiometries can be identified, allowing interpretation of
the geophysical data. We demonstrate this general approach
hereafter. Reaction models will be iteratively proposed and
tested against measured conductivity until discrepancies
between the model predictions and the measured data are
minimized. Here we iterate by using investigator-written
geochemical models; however, inverse modeling modules
in geochemical codes such as PHREEQC can also be used
[Parkhurst and Appelo, 1999] to constrain more compli-
cated field systems.

[36] For the batch experiments, composite reaction stoi-
chiometries (numbered reactions in Table 1) were proposed
and used to compare the measured values of d�f =dt to
measured concentrations using equations (5) and (6). It is
easy to see that the batch experiments (abiotic, in vitro, and
in vivo) have different stoichiometries describing different
reactions by comparing the slopes of the lines in Figure 3.
The relationship between �f and Fe(II) is different for each
experimental condition. Different reactions were tested
until a stoichiometry was found that fit the observed rate of
change in conductivity and the measured chemistry. For

Table 2. Experimental Conditions and Resultsa

Abiotic In Vitro In Vivo Column

Starting (influent) pH 3.2 7.55 7.50 �7
Final (effluent) pH 4.6 7.59 7.55 �7
Electron donor Ascorbic acid C6H8O6 Formate HCOO� Formate HCOO� Acetate CH3COO�

Electron acceptor �-FeOOH �-FeOOH �-FeOOH Ferric oxide
Buffer Ascorbic acid HEPES HEPES PIPES
Atmosphere Air N2 (95%) H2 (5%) N2 (95%) H2 (5%) Ar
[Electron donor]b 0.01 (3), 0.1 (3) 0.001 (3), 0.01 (3), 0.1 (3) 0.01 (3), 0.1 (3) 0.001 (1)
Percent Fe adsorbedc <1%, <1% 97% 6 3%, 97% 6 3%, 97% 6 3% 81% 6 6%, 78% 6 2% 11% 6 2%
Percent Fe precipitatedc NA NA NA 80%
Surface area (m2 g�1) 19.3, 19.3 25.4, 19.3, 19.3 25.4, 25.4 1.48
d[Fe(II)]/dtd 0.1, 0.3 5.8, 9.5, 29.5 2.7, 4.3 NA
d�f =dte 1.18, 4.25 2.63, 10.5, 37.6 2.0, 3.0 NA
Rate based on [Fe(II)aq]f 0.10, 0.30 10.4, 18.5, 43.5 4.8, 7.6 0.0038
Rate based on �g 0.12, 0.44 7.1, 23.1, 57.5 6.2, 9.9 0.0041

aRates calculated over the entire 5 h batch experiments or steady state portion of column experiment. NA indicates not applicable.
bMolar. For each experiment, the number of replicates is shown in parentheses.
cBatch experiments: [Fe(II)sorbed]/([Fe(II)sorbed]þ[Fe(II)aq]) as calculated at the end of experiment. Column experiments: mol Fe(II)sorbed/

(mol Fe(II)sorbed þ mol Fe(II)siderite þ mol Fe(II)aq).
dRate � 10�6 M min�1;[Fe(II)] ¼ [Fe(II)](aq) þ[Fe(II)]adsorbed for batch experiments.
eBatch experiments (d�f =dt � 10�5 S m�1 min�1).
fAbiotic, nmol m�2 min�1; in vitro and in vivo, nmol (mg TM)�1 m�2 min�1; column, mmol m�2 d�1.
gRate based on �f and equation (5) for abiotic (nmol m�2 min�1) and for in vitro and in vivo (nmol (mg TM)�1 m�2 min�1) experiments but based on

�b and equations (5) and (7) for column experiments (mmol m�2 d�1) from day 70 to 120.

Figure 4. Values of measured �b (squares) plotted versus
time for the column experiment. Also shown are measured
effluent concentrations of NH4

þ (crossed circles), acetate
(open diamonds), and Fe(II)aq (open circles). Biomass con-
centration �10�2 is also plotted versus time (dotted line) as
calculated from the cumulative consumption of acetate and
ammonia and reaction (R10) in Table 1. Dash-dotted line
indicates �b calculated from equation (7) on the basis of
known effluent chemistry. Solid line indicates �b calculated
from equation (14) as described in the text.
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example, in the abiotic batch experiment, the stoichiometry
of the redox reaction (reaction (R1) in Table 1) incorporat-
ing ascorbic acid (C6H8O6) oxidation and goethite reduc-
tion was initially written as follows:

C6H8O6 þ 2FeOOHþ 4Hþ ! 2Fe2þ þ 4H2Oþ C6H6O6 : ð13Þ

[37] Given that the initial pH of the experiments (pH ¼
3.2) was less than the pKa of ascorbic acid [Kumler and
Daniels, 1935], pKa ¼ 4.12, no deprotonation of ascorbic
acid was included in the proposed reaction. However, the
stoichiometry of equation (13) is inconsistent with the
change in �f as documented in Figure 6a. This inconsis-
tency led us to conclude that an additional acid-base reac-
tion (reaction (R2) in Table 1) was missing from equation
(13). Furthermore, the pH values of the abiotic experiments
increased from starting values of 3.2 – 4.6 at experiment ter-
mination, well above the pKa of ascorbic acid. When the

appropriate acid-base reaction for ascorbic acid was added
to equation (13), reaction (R7) in Table 1 was the result.
Using reaction (R7), the calculated changes in �f from
measured changes in ionic concentrations for the abiotic
experiments were similar to the measured increases in �f
(Figure 6b). Importantly, we did not need to make measure-
ments of the ascorbate ion concentrations once the reaction
stoichiometry was inferred from the slope of Figure 6a.
Consistency is demonstrated in Figure 6b, where the meas-
ured conductivity is plotted along with the summed contri-
butions of conductivities for all ions. Using equation (5)
and the stoichiometry from reaction (R7) (Table 1), the
calculated reduction rate from measured values of d�f =dt
is 0.12 nmol Fe(II) m�2 min�1 for the 0.01 M ascorbic
acid experiment, consistent with a reduction rate from
measured values of d[Fe(II)aq]/dt of 0.10 nmol m�2 min�1

as summarized in Table 2 (ionic mobilities summarized in
Table 3). Sorption in these abiotic experiments was <1%,

Figure 5. Scanning electron microscope images of biofilm patches on sediment grains from the column
experiment. (a) In backscattered electron mode, biofilms appear as dark patches because of the high
carbon content and low molecular weight. Enlargements of the (b, d) upper and (c) lower patches reveal
the surface texture of the biofilms.
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as measured with a 0.5 N HCl extraction. This is consistent
with a pH value of <4.5.

[38] In contrast to these abiotic experiments, the pH was
>7 in the in vitro and in vivo experiments, and sorption was
significant. Therefore, composite reactions used to interpret
in vitro and in vivo data had to include a reduction reaction
(reaction (R1) in Table 1), an acid-base reaction (reaction
(R2) in Table 1), and a sorption reaction (reaction (R3) in
Table 1). Chemical measurements to determine the extent
of Fe(II) adsorption were also necessary. With measured
adsorption, composite reactions (R8) and (R9) were written.

For example, in the in vitro experiment, a measured change
in �f can be converted to a change in Fe(II) concentration
using equation (6). A change in �f is partitioned to changes
in the relevant ionic species (in this case Fe(II), HCOO�,
and HEPES anion) using stoichiometry from reaction (R8).
Using this method, the inferred rate of change of total Fe(II)
based on measured changes in �f matched measured changes
in total Fe(II) within error (equation (5); see Table 2 and
Figure 6c). Error in the in vitro and in vivo experiments was
primarily because of uncertainty surrounding the ionic
mobility for the HEPES anion.

[39] With this inverse approach, the batch experiments
were described within error with composite reactions (R7),
(R8), and (R9) that summed redox (reaction (R1)), acid-
base (reaction (R2)), and sorption (reaction (R3)) reactions.
We were able to predict biogeochemical reaction rates
from changes in �f in these well-constrained systems. The
same approach was then pursued to interpret the column

Figure 6. (a, b) Measured �f (squares) versus time com-
pared to calculated values (lines) during abiotic reduction
of goethite by ascorbate. In Figure 6a, the line sums the
contributions to �f calculated from changes in measured pH
(triangles) and [Fe(II)aq] (circles) only. Calculated values
differ slightly from measured values (R2 ¼ 0.855) because
of ascorbate speciation, which is neglected in the calcula-
tions. A better estimate for �f (R2 ¼ 0.947) is shown in Fig-
ure 6b when [ascorbate] (diamonds) is included assuming
composite reaction (R7) (Table 1). (c) Comparison of meas-
ured (squares) or calculated (line) [Fe(II)]tot for the in vitro
experiment (for one replicate with 0.01 M Na formate) ver-
sus time. The calculated value is based on reaction (R8)
(Table 1). Ion mobilities were derived from published val-
ues [Landolt-Bornstein, 1969] or estimated from diffusion
constants [Schwarzenbach et al., 2003] (see Table 3).
Dashed lines (Figures 6b and 6c) represent 61 standard
deviation in this estimate. Background �f measured before
experiments was subtracted for Figures 6a and 6b.

Table 3. Ionic Diffusion Constants and Mobilities

Ion
Diffusion Constant

(m2 s�1 � 10�5)
Mobilitya

(m2(V s) �1 � 10�7)

Hþ 9.311 3.626
Feþ3 1.812 2.117
Feþ2 1.438 1.120
OH� 5.273 2.053
CHO2

� (formate) 1.454 0.566
HCO3

� 1.185 0.461
CO3

�2 1.846 1.438
Naþ 1.334 0.519
Cl� 2.032 0.791
Kþ 1.957 0.762
Caþ2 1.584 1.234
Mgþ2 1.424 1.100
C8H17N2O4S� (HEPES) 0.554 0.431
C8H17N2O6S2

� (PIPES) 0.467 0.364
CH3CO2

� (acetate) 1.089 0.424
NH4

þ 1.957 0.762
C6H7O6

� (ascorbate ) 0.687 0.267
C6H6O6 (dehydroascorbic acid) 0.692 0.269

aIon mobilities are from published values [Landolt-Bornstein, 1969] or
estimated from diffusion constants [Schwarzenbach et al., 2003].
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experiment. To create a composite reaction that describes
the column experiment (reaction (R10)), additional reac-
tions occurring in the column were included as described in
section 5.1.

5.1. Interpreting the Column Experiment
[40] In addition to reactions (R1), (R2), and (R3) in Table 1

the composite reaction for the column must also incorpo-
rate biomass growth. Since NH4

þ and acetate consumption
are both at steady state after day 70, the biomass growth
rate was inferred to be constant after that point as well. Bio-
mass growth in the column was estimated from acetate and
ammonium consumption rates using the concept of yield
coefficients 	 [Rittmann and McCarty, 2001]. Every mole
of C5H7O2N (a generic formula for biomass) consumes 2.5
mol of acetate and 1 mol of N. However, the observed ratio
of NH4

þ to acetate consumption was 0.05, much less than
the 0.4 required by this stoichiometry. This is expected
because most of the acetate was oxidized and converted to
HCO3

� during dissimilatory iron reduction. Assuming
NH4

þ is only consumed by biomass growth, the ratio
obtained by dividing the ammonia consumption rate (mol
NH4

þ d�1) by the acetate consumption rate (mol acetate
d�1) is related to the growth yield 	. The growth yield
expresses the relative partitioning of electrons from the
electron donor into two sinks, new biomass and the termi-
nal electron acceptor (in this case ferric iron), and can theo-
retically have a value between 0 and 1. In the column
experiment, 	 ¼ 0:12 on the basis of rates of NH4

þ con-
sumption divided by the steady state instantaneous acetate
consumption rate (	 ¼ 1:8 mmol NH4

þ d�1/(39.1 mmol ace-
tate d�1 � 0.4)).

[41] However, the observed rate of Fe reduction is not
consistent with these interpretations. Specifically, if Fe(III)
is the only terminal electron acceptor and assuming 8 el
released per mole of acetate oxidized, then 8(1 � 	) mol of
Fe(II) are produced per mole of acetate consumed (Table 1,
reaction (R1)). In contrast, the observed ratio of the rate
of Fe(III) reduction (91.4 mmol d�1) to the cumulative ace-
tate consumption rate (40.8 mmol d�1) is too low, consistent
with a higher growth yield of 	 ¼ 0:72. This value is incon-
sistent with literature values for growth yields:
	 ¼ 0:12�0:15 for growth of Geobacteraceae species on
amorphous Fe(III) oxides [Lovley and Phillips, 1988;
Roden and Lovley, 1993; Caccavo et al., 1994].

[42] Therefore, another process in addition to Fe reduc-
tion and biomass production was inferred to consume ace-
tate. Mass balance dictates that the cumulative consumption
of acetate released 64.6 meq el. Iron reduction accounts for
28% of the 61.9 meq el released (on the basis of the
summed total of Fe(aq)(II)out þ 1 N HCl extractable Fe(II)),
and biomass production accounts for another 12% (on the
basis of the mass of NH4

þ consumed and the stoichiometry
in reaction (R4) in Table 1). The remaining 60% of elec-
trons released from acetate could have produced methane if
methanogenesis (reaction (R5) in Table 1) occurred in the
column. Methanogenesis is the only reasonable respiration
pathway in this system given that no additional ionic solutes
were measured in the column effluent. HCO3

� produced via
methanogenesis presumably precipitated as siderite. The
column was effectively impermeable to O2 diffusion inward
from the atmosphere, and so O2 is not a reasonable sink for

electrons released from acetate [Kjeldsen, 1993]. Reactions
for biomass growth and methanogenesis were added to the
composite reaction (see reaction (10)) on the basis of these
arguments.

[43] Thermodynamic calculations with PHREEQC [Par-
khurst and Appelo, 1999] are consistent with chemical
oversaturation of siderite in the effluent by day 50. Further-
more, extractions with 1 N HCl were also consistent with
the presence of siderite. The composite reaction that
includes Fe(III) reduction, acid-base buffering, Fe(II) sorp-
tion, methanogenesis, biomass growth, and siderite precipi-
tation (reaction (R10) in Table 1) is consistent with the
relative changes in concentrations of all measured species
between influent and effluent. On the basis of the cumula-
tive consumption of acetate and using reaction (R10) in
Table 1, biomass production was calculated as a function
of time and plotted in Figure 4.

5.2. Conductivity
[44] For the column experiment, measured values of �b

were compared to �f using equation (7). To do this, we
assumed values of a within the range of 0.63–3.5 and m
within the range of 1.37–1.95 on the basis of literature val-
ues [e.g., Archie, 1942; Balberg, 1986]. Values of �b calcu-
lated from equation (7) and effluent chemistry with a ¼ 1
and m ¼ 1.5 were consistent with measured �b before day
120. Furthermore, the Fe(II) release rate calculated from
measured �b, 0.0041 mmol Fe(II)aq m�2 d�1, using equa-
tions (5) and (7) and composite reaction (R10) (Table 1), is
consistent with the rate calculated from the measured
[Fe(II)aq] (0.0038 mmol Fe(II)aq m�2 d�1) in effluent from
day 70 to 120 using equation (11). As described for the
batch experiments, we are able to calculate Fe(II) reduction
rates from changes in �b before day 120 in the column.

[45] However, after day 120, �b increased by a factor of 3
(Figure 4), while measured effluent chemistry did not
change significantly. The cause of this �b increase that is
unrelated to changes in effluent chemistry is not readily
apparent. It is unlikely that methane bubbles formed within
the column experiment or affected �b. The solubility of
methane at 298 K under 1 atmosphere of pressure is about
35 mg L� (2.47 mM) [Duan and Mao, 2006]. The methane
concentration was calculated from the flow rate (0.048 L
d�1) and the cumulative acetate consumption rate (40.8
mmol d�1) assuming 0.60 mol methane produced per mole
acetate (composite reaction (R10) in Table 1). The calcu-
lated methane concentration, 0.510 mM, was well below
saturation. Furthermore, any gas bubbles that did form
would be less conductive than the pore fluid, and their pres-
ence would temporarily decrease the measured �b [Knight,
1991; Wang et al., 2000; Serra and Serra, 2005]. Methane
bubbles cannot explain the �b increase.

[46] This result is surprising because deviation from equa-
tion (7) is sometimes associated with conductive minerals
and the known Fe(II) precipitate siderite is generally non-
conductive [Rzhevskii et al., 1965]. There are several other
possible explanations for the measured increase in �b after
day 120. Changes in porosity could affect electrical conduc-
tivity; however, �, a, or m would be required to change to
unreasonable values of 0.87, 0.34, or 0.81 to match observa-
tions (see equation (7)). It is impossible to keep all three
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parameters within acceptable bounds and still describe the
measured increase in �b.

[47] If geochemical gradients exist within the column, it
is possible that they are affecting �b. For example, a change
in [Fe(II)aq] or sorbed Fe(II) along the length of the column
could affect surface conductance and thus �b. However, the
gradient in sorbed Fe(II) as documented by our HCl extrac-
tions reported earlier is presumed to have been present,
along with a gradient in Fe(II)aq, from relatively early in
the experiment and would not have caused changes in �b
starting at day 120.

[48] In literature treatments, when measured �b is above
the value predicted from fluid chemistry alone using equa-
tion (7), most conductivity models have been expanded to
include either a surface conductivity term or a term for a
secondary conductive phase as in equation (8) or (9). For
example, Atekwana et al. [2004b] used a variable surface
conductivity term (�surf ¼ 1–10 mS m�1; equation (8)) to
explain discrepancies between �b and �f in measurements
in a borehole that passed through a zone of hydrocarbon
contamination above an aquifer in Carson City, Michigan.
They attributed the surface conductivity to changes in the
electrical double layer around mineral surfaces caused
by microbial activity. However, they did not present chemi-
cal or physical data such as measured changes in ionic
strength, surface roughness, or cation exchange capacity to
support their hypothesis. Slater et al. [2009] took a concep-
tually different approach by modeling conductivity data
with a parallel conductivity term that is mathematically
similar to surface conductivity. The authors noticed an
increase in �b measured in a flow-through column contain-
ing Se-reducing bacteria while effluent �f remained con-
stant. Slater et al. [2009] were able to fit their data by
adding a second conductivity term, similar to the surface
term in equation (8), with variable values between 2 and
12 mS m�1. They referred to their new term as a parallel
conductivity path.

[49] The largest changes in �b measured in our column
can be modeled using equation (8) with �surf equal to about
127 mS m�1. It is unlikely that this addition is because of a
change in surface conductivity with time, however, because
changes in surface conductivity are generally small when
ionic strength is held constant. Similar to Slater et al.
[2009], we attribute the �b increase in our column not to a
surface conductivity but to a new, parallel, conductive path-
way. The ionic strength in the column remained relatively
constant throughout the experiment, increasing by only
0.75% (26.6 versus 26.8 mM) despite extensive dissolution
of iron oxides. Surface conductivity stops being affected by
changes in ionic strength above 10 mM [Revil and Glover,
1997]; therefore, it is unlikely that we have developed sig-
nificant surface conductivity.

[50] The concept of surface conductivity as described
above is an unlikely explanation for increased �b, but it is
possible that ferrous iron sorbed onto ferric oxide surfaces
creates a unique type of surface conductivity that is not
explicitly accounted for in previous publications [e.g., Revil
and Glover, 1997]. Previous research has demonstrated
that adsorbed ferrous iron is capable of transferring elec-
trons onto ferric oxides [e.g., Tronc et al., 1984; Icopini
et al., 2004; Williams and Scherer, 2004; Crosby et al.,
2005; Handler et al., 2009]. While it is possible that this

electron transfer affects macroscopic conductivity, no one
has demonstrated this phenomenon conclusively. During
our column experiment, the mass of adsorbed iron
increased, but the total mass of iron inside the column
decreased by 16%. For these reasons we believe that ferrous
sorption onto ferric oxides is not causing the �b increase
measured in the column experiment.

[51] In contrast to the decrease in total Fe in the column,
the biomass grew in the column even after day 120. It is
possible that this steady increase in biomass could increase
surface conductivity by increasing the total surface area
within the column. Increasing the surface area of a sample
can increase its cation exchange capacity which in turn
increases surface conductivity [e.g., Revil and Glover,
1998]. However, the sediment in the column had an initial
surface area of 2300 m2 (¼ 1.48 m2g�1 � 1552 g). Approx-
imately 4.4 � 1012 cells were produced during the entire
experiment on the basis of a 	 value of 0.12 calculated as
described previously (mass of 1 cell assumed to equal 1 �
10�12 g [Sundararaj et al., 2004]). If each cell has an aver-
age surface area of 6 � 10�12 m2, then the total increase in
surface area because of biomass production is 26 m2, which
is 1% of the total surface area inside the column. A 1%
increase in surface area is unlikely to produce significant
increases in cation-exchange capacity, and surface conduct-
ance since biomass has a similar sorption capacity to iron
oxide minerals [Urrutia et al., 1998].

[52] Since the effect of iron sorption and biomass
growth on surface conductivity is unlikely to be signifi-
cant, we consider the possibility that cells connecting into
biofilms by day 120 create a new conductive phase and
cause a dramatic �b increase (Figure 4). While we cannot
confirm that biofilms are conductive, we use a theoretical
approach to consider how the electrical conductivity of
microbial biofilms might impact this experiment. This con-
ceptual model is based on the assumptions about microbial
growth from cumulative acetate and NH4

þ consumption
discussed above. The model does not require a massive
increase in biomass after day 120. Instead, we hypothesize
that day 120 represents the point at which a threshold is
crossed such that sufficient numbers of discrete patches of
biofilm become connected across the column. SEM analy-
ses of the sediments reveal biofilm-like coatings on min-
eral grains (Figure 5). While the column effluent was at
steady state, the rate of biomass growth did not change.
However, the amount of biomass connectivity was presum-
ably increasing.

[53] Because �b shows a threshold-type behavior (Fig-
ure 4), we propose a theoretical model based on percola-
tion theory to describe �b increases. This is only one of
many possible ways to model the effect of biofilm growth
and connectivity but is a first step in considering how bio-
films might explain this data set. Percolation theory has
been used to describe changes in hydraulic conductivity,
microorganism populations, and other properties [e.g.,
Kirkpatrick, 1973; Deutsch, 1989; Thullner et al., 2002].
It incorporates a threshold that depends on the volume
fraction of a new phase, assumed to be biomass in this
case. By analogy to Deutsch’s equation for hydraulic con-
ductivity and equation (9), �b is assumed to follow equa-
tion (7) until the fraction fsecondary of secondary material
with higher conductivity �secondary exceeds a critical
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fraction fcritical, at which point a new term appears in the
equation:

�b ¼ a�1�f �
m þ ðfsecondary � fcriticalÞ!�secondary : ð14Þ

[54] For hydraulic conductivity, the geometry of permea-
ble zones is thought to control the values of fcritical and !
(1.5 < ! < 2) [Deutsch, 1989]. Interestingly, ! in equation
(14) may be similar to p in equation (9) since both values
can be attributed to tortuosity effects.

[55] As argued, fcritical describes the critical volume frac-
tion of biomass. Assuming a constant 	 of 0.12 and the
cumulative consumption of acetate, we calculated fsecondary
for the volume fraction of biomass from the moles of
C5H7O2N, average cell volume (1 � 10�9 mm3), cell mass
(3.0 � 10�7 mg) [Sundararaj et al., 2004], reactor volume
(920 cm3), and porosity (0.33). The calculated value of
fsecondary at 120 days, i.e., �3%, was assumed equal to
fcritical. Fitting the data to equation (7) for fsecondary < fcritical
before 120 days and to equation (14) for values above fcritical
after day 120 yields �secondary ¼ 5.5 S m�1 if ! ¼ 1.5
(Figure 4). According to our hypothesis, this is an estimate
for the conductivity of respiring biofilm in the reactor.

[56] These �secondary values for a biofilm, approximately
20 times that of �f , are reasonable. Many mechanisms
might cause electrical conductivity in a biofilm. For exam-
ple, it is well known that most soil bacteria can produce
extracellular polymeric substances that affect hydrologic as
well as chemical conditions in and around biofilms [e.g.,
Little et al., 1991; Or et al., 2007]. Furthermore, Liermann
et al. [2000] demonstrated that [Hþ] in biofilms grown on
Fe-containing minerals is up to 10X higher than in the bulk
fluid, and Marsili et al. [2008] have argued for electron
shuttles in biofilms. Either of those species in biofilms
could increase conductivity. Nanowires could also contrib-
ute to biofilm conductivity if they are present [e.g., Reg-
uera et al., 2005; Ntarlagiannis et al., 2007; Nielsen et al.,
2010], but nanowires are not a prerequisite for a conductive
biofilm. Torres et al. [2008] calculated a conductivity
�0.05 S m�1 in biofilms, and Ramasamy et al. [2008]
observed a 40% decrease in kinetic impedance as biofilms
grew inside fuel cells. As mentioned earlier, the analogous
but much smaller increase in conductivity measured across
a column containing Se(IV)-reducing bacteria [Slater et al.,
2009] was also attributed to biofilm growth, although with-
out chemical evidence to eliminate other explanations such
as changes in pore fluid chemistry.

6. Implications and Conclusions
[57] Our observations have implications for interpreting

�b in microbially active sediments. For example, in the
aquifer in Carson City, Michigan, �b varied by 0.025 S m�1

with depth [Atekwana et al., 2004b]. Using techniques out-
lined herein, a few colocated chemical and �b measurements
versus depth could constrain composite reactions and be
used to infer reaction rates using published approaches for
interpreting chemistry versus depth in subsurface flow sys-
tems [e.g.. Bau et al., 2004]. However, if �b becomes
decoupled from �f , reaction rates would be difficult to deter-
mine. Indeed, Atekwana et al. inferred that something other
than ionic solutes contributed to �b because they needed to
set �surf ¼ 10 mS m�1 with equation (8) to describe the

Carson City aquifer. Our work provides a framework for
further investigations of the effect of biofilm growth on �b.

[58] We suggest that models for biogeochemical reaction
rates can in some cases be quantified using electrical con-
ductivity and composite reaction stoichiometries but not in
those instances where thresholds in conductivity are crossed
that necessitate the modification of Archie’s law. We pro-
pose a simple theoretical model that attributes a change in
�b in our column experiments to a threshold that is crossed
because of the increase in biomass. This research lays the
groundwork for future investigations by presenting an itera-
tive method that can be used to determine whether systems
are above or below a threshold. More work on the electrical
properties of biofilms is clearly needed. Future directions
for this work include monitoring microbial activity and/or
chemical changes associated with contaminant plumes,
enhanced oil recovery, and CO2 sequestration.
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