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We investigated the electrical signatures of iron corrosion
and mineral precipitation in angle cores from an Fe0

barrier installation in operation for eight years. The real
and imaginary parts of the complex electrical conductivity
measured between 0.1 and 1000 Hz were 2-10 times
higher (varying between cores) in the reacted zone at the
upgradient edge of the barrier relative to less altered
locations inside the barrier. Scanning electron microscopy
identified iron surface alteration with the thickest corrosion
rinds closest to the upgradient soil/iron interface. Surface
area of iron minerals was also greatest at the upgradient
interface, gradually decreasing into the cores. X-ray
diffractometry identified precipitation of iron oxide/hydroxide,
carbonate minerals, iron sulfide, as well as green rusts,
with mineral complexity decreasing away from the interface.
The electrical measurements correlate very well with
the solid-phase analyses, and they verify that electrical
methods could be used to assess or monitor iron corrosion
and mineral precipitation occurring in Fe0 barriers.

Introduction
Permeable reactive barriers (PRBs) composed of granular
zerovalent iron (Fe0) are an established technology for
groundwater remediation (1-7). Iron corrosion and mineral
precipitation due to reactions between Fe0 and groundwater
constituents are widely recognized as the primary causes of
Fe0 barrier performance reduction (8-15). Corrosion and
precipitation may result in formation of iron minerals that
are less reactive with groundwater contaminants (8, 16, 17)
and may also clog pore spaces (8, 10), thus reducing hydraulic
efficiency (3, 8, 18).

Corrosion and precipitation is typically investigated by
aqueous geochemical or solid phase analysis. Electrical
methods can be used to indirectly assess iron corrosion and
mineral precipitation processes. Tafel scan and electro-
chemical impedance spectroscopy (EIS) analysis of iron has
identified geochemical controls on Fe0 redox reactions (19-
21). A recent study illustrated the sensitivity of four electrode
electrical measurements (essentially an upscaled version of
an EIS measurement) to corrosion and precipitation pro-
cesses occurring in columns of granular Fe0 as a result of
invasion with simple electrolytes (22). This work illustrated
the possibility of noninvasively monitoring precipitation in
PRBs using electrical geophysical methods. Monitoring could
be achieved by inserting electrode strings in the barrier during

construction and recording the electrical changes as a
function of time. This would conceivably reduce monitoring
costs by eliminating the need for coring and solid-phase
analysis or installation of monitoring wells for geochemical
analysis

The electrical properties of a soil can be stated in terms
of a measured frequency (ω) dependent complex conductivity
σ*(ω),

where σ′ is the measured real part of σ*(ω), being the
conduction component, and σ′′ is the measured imaginary
part of σ*(ω), being the polarization component (i ) x-1).
Charge transfer in granular Fe0 columns can be attributed
to three mechanisms (22). First, σel represents the conductivity
of the interconnected, fluid-filled pore space (a real term);
second, σint

/ is a complex term describing conduction and
polarization at the iron mineral/electrolyte interfaces; third,
σelc accounts for electronic conduction (a real term) through
the iron minerals. The σel is linearly dependent on the
conductivity (σw) of the electrolyte saturating the Fe0 column.
The σint

/ incorporates both conduction along the electrical
double layer (EDL) and polarization occurring at the elec-
trolyte/iron mineral interface. It includes a diffusive mech-
anism (σmdiff

/ ) that linearly increases with the metallic
surface area (23, 24) and an electrochemical mechanism (
σmelc
/ ) associated with redox active ions that permit electrical

current to bridge between electrolytic conduction (σel) in the
pore space and electronic conduction (σelc) in iron minerals
(23). The measured σ′ therefore depends on σel, σelc, and σint

/

whereas σ′′ is only dependent on σint
/ (i.e., it exclusively

relates to the interfacial properties of the iron minerals).
Measurements on Fe0-sand mixtures show that the

polarization (σ′′) is linearly related to the specific surface
area of the iron minerals in an Fe0 column (24). Furthermore,
Wu et al. (22) observed an increase in σ′′ following corrosion
and precipitation induced in Fe0 columns that they primarily
attributed to the increase in Ss of the iron minerals due to
surface alteration. EIS measurements have demonstrated that
electrical conduction (σ′) increases after iron corrosion and
mineral precipitation due to increased metallic mineral/
electrolyte surface area combined with enhanced electronic
conduction in electroactive precipitants, primarily magnetite
(21). Wu et al. (22) similarly observed an increase in σ′ of
reacted Fe0 columns that occurred coincident with precipi-
tation of iron corrosion products including magnetite.

In this paper we describe low-frequency electrical mea-
surements on angle cores recovered from an iron barrier
that has been in operation for eight years. Surface morphol-
ogy, mineral phase analysis, and core material elemental
analysis were performed to evaluate the sensitivity of electrical
measurements on iron corrosion and mineral precipitation
along the cores. These measurements were also compared
with barrier aqueous geochemistry evaluated with a network
of boreholes at the site. The results show that electrical
measurements reflect the amount of corrosion and precipi-
tation occurring in an operative Fe0 PRB. Significantly, the
electrical signatures on these cores are much greater than
those recorded in previous synthetic studies on Fe0 columns
(22). These findings conclusively demonstrate the ap-
plicability of low-frequency electrical methods for long-term
monitoring of iron barriers.

Materials and Methods
Site Description. The PRB under study was installed in April
1998 at the Kansas City Plant (KCP) operated by the U.S.
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σ*(ω) ) σ′(ω) + iσ′′(ω) (1)
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Department of Energy (25). The barrier was designed to
remediate 1, 2-dichloroethlene (1, 2-DCE) and chloroethene
in contaminated groundwater migrating from the facility.
Figure 1 (a, b) gives a plan and cross sectional view of the
site. The PRB was constructed as a continuous 40 m (130 ft)
long, 1.8 m (6 ft) wide trench. Alluvial sediments underlie the
site, primarily silty clay overlying basal gravel. These alluvial
sediments are underlain by bedrock shale. The PRB was
constructed by filling the first 1.8 m (6 ft) of the trench with
100% iron such that the base of this section was in contact
with bedrock. The remainder of the trench was then filled
with 0.6 m (2 ft) of iron and 1.2 m (4 ft) of sand (Figure 1b).
The thicker lower unit was designed to compensate for higher
flow-through velocities associated with hydraulically con-
ductive basal gravel resting on bedrock (Figure 1b).

The performance of the KCP-PRB has been adversely
affected by alteration to groundwater flow resulting from
the PRB structure itself (25). Hydraulic heads measured at
the site show that flow is bypassing the southern end of the
barrier. Geochemical measurements show incomplete re-
duction of organic compounds in monitoring wells on the
outflow side of the barrier toward its southern end (25).

Material Aquisition. Three angle cores were recovered
by driving a geoprobe containing plastic sleeves into the up
gradient interface of the barrier at 30°off normal. Figure 1
shows the coring configuration. Core PRB1B penetrated the
soil/iron interface at a depth of approximately 5.6 m and
went into the barrier for approximately 30 cm; PRB5 and
PRB6 penetrated the interface at about 7 m and went into
the barrier about 22 cm. Immediately following extraction,
natural soil was removed and cores were bathed in Argon to
limit air oxidation and then sealed with plastic end caps.
Visual observation showed that cores were generally black
throughout with material closest to the upgradient soil/iron
interface seemingly cemented and of finer particle size. A
section of sand was encountered in the middle section of
core PRB1B (Figure S1, Supporting Information).

Electrical Measurements. Figure S1 illustrates the mea-
surement setup. Cores comprised the upgradient soil/iron
interface, the cemented and finer material representing
reacted iron on the upgradient edge of the barrier as well as
less reacted iron deeper within the barrier. A gradual change
from reacted to less reacted iron was observed and no distinct
interface identified. SEM images (described later) suggest

that the transition to pure unreacted Fe0 was captured in
PRB5 but it was not fully captured in PRB1B and PRB6.

Core holders were modified in an anaerobic chamber to
permit electrical measurements. A stainless steel mesh was
housed within the cap for current injection. Measuring
(potential) electrode ports were installed at 3 cm intervals
along the cores with the first port (port 1) just inside the Fe0

at the upgradient soil/iron interface. The total number of
ports varied according to the length of each core. Core PRB1B
had eight ports, core PRB5 had six ports, and core PRB6 had
five ports. Ag-AgCl potential electrodes were utilized for
electrical measurements, and they were electrically coupled
to the cores by inserting them into a saturated (with KCP
water) port on the immediate edge of the sample in
electrolytic contact with the Fe0 core. This permitted accurate
recording of the electric field within the column while
avoiding polarization on the electrode that can result when
potential electrodes are placed immediately within the
sample and in the current flow path (26). Cores were re-
saturated with deoxygenated KCP groundwater (fluid con-
ductivity (σw) ) 0.073 ( 0.004 S/m) prior to electrical
measurements. Electrical measurements were made between
each pair of adjacent ports to acquire a sequence of electrical
signatures from the soil/iron interface into the barrier.

The phase shift (φ) and conductivity magnitude (|σ|) for
each section were recorded relative to a reference resistor
(Figure S1) for forty frequencies spaced at equal logarithmic
intervals from 0.1 to 1000 Hz. The real and imaginary parts
of the complex conductivity were determined from the
following equations:

Electrical Data Modeling. Physically based models to
describe σ*(ω) of soils are lacking, and macroscopic repre-
sentations, such as the Cole-Cole model (27), are typically
adopted (see, for review, ref 28). The dependence of complex
conductivity with frequency was modeled as (29)

FIGURE 1. (a) Plan view and (b) cross section of KCP Fe0 barrier showing the outline of the barrier (Fe0 (dark gray)), basic geology (sand
(light gray), shale (hatched)), position of groundwater monitoring wells (*) and cores (b).

σ′′ ) |σ| × sin φ (2)

σ′ ) |σ| × cos φ (3)

σ* ) σ0[1 + m( (iωτ)c

1 + (iωτ)c(1 - m))] (4)

VOL. 40, NO. 7, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2255



where σ0 is the conductivity at DC frequency, τ is the mean
relaxation time, c is a shape exponent (typically 0.1-0.6),
and m is the chargeability (m ) 1-σ0/σ∞, where σ∞ is the
conductivity at high frequency). The two model parameters
of interest here are σ0 and mn ) m × σ0, representing global
measures of conduction and interfacial polarization respec-
tively (30). We inverted electrical data using an algorithm
based on a least-squares approach with Marquardt regu-
larization (31).

Corrosion Assessment. Samples for solid-phase analysis
were extracted from cores after completion of electrical
measurements. Cross sectional scanning electron microscopy
(SEM) imaging and Ss measurements were used to charac-
terize changes in corrosion and precipitation along each core.
One sample was acquired between each pair of adjacent
ports and split into two subsamples for SEM imaging and Ss

measurements. Samples were transported onto filter paper
and gently washed with deoxygenated acetone/water solution
(1:1 volume ratio) for approximately 2 min to eliminate
residual solution. Samples were then left to dry in the
anaerobic chamber for 4 h. Surface and cross-sectional SEM
imaging was conducted for each sample to acquire a sequence
of morphological changes along each core following the same
procedure described in ref 22.

The Ss of each sample was measured in triplicate with a
five point Brunauer, Emmett, and Teller (BET) (32) method
using a high-speed nitrogen sorption analyzer, model NOVA
3000 from Quantachrome instruments (Boynton Beach,
Florida). The uncertainty of the measurements, based on
the standard deviation of repeat measurements on a single
sample, is less than 3%.

Mineral Phase Analysis. X-ray diffractometry (XRD),
supported by SEM imaging was used for mineral phase
identification. Ten grams of each sample were ground with
an agate mortar and pestle to acquire fine grains. A Philips
PW3040 powder X-ray diffractometer was employed following
the same procedure described in ref 22. Scans of 2θ ) 15-
90° were acquired (scan rate of 0.02° per step). X′pert
Highscore (Phillips Analytical B.V., Almelo, The Netherlands)
was used for mineral phase identification.

Results and Discussion
Complex Conductivity. Figure 2 shows the changes of σ′
and σ′′ as a function of frequency for all three cores. The
distance in the legend refers to the position of the midpoint
of any two consecutive potential electrodes from the up-
gradient soil/iron interface (e.g., subsection between port 1
and 2 is represented as “1.5 cm”).

We excluded the following measurements from the plot
in order to emphasize the differences in the electrical
measurements that result exclusively from iron mineral
alteration: (1) 1.5 cm in PRB6 as small portions of native soil
were visually observed in the region 0-1 cm along this core
(2) 7.5, 10.5, and 13.5 cm in PRB1B as a sand inclusion was
encountered between 8 and 13 cm from the interface in this
core (Figure S1). Figure 2 (a, c, and e) shows a continuous
decrease of σ′′ away from the soil/iron interface into each
core. Figure 2 (b, d, and f) illustrates that a reduction in σ′
also occurs with greater distance from the upgradient soil
interface.

Figure 3 shows the variation of Cole-Cole model pa-
rameters mn (Figure 3a) and σ0 (Figure 3b) along the three
cores. The modeling results are consistent with the behavior
inferred from spectral data (Figure 2): mn and σ0 consistently
decrease with distance from the upgradient soil interface.
The model parameters are approximately 10 times higher at
the interface in PRB5 relative to the last measurement at 13.5
cm on this core. For PRB1B and PRB6 the parameters are
2-4 times higher at the interface relative to the least reacted
Fe0 in each core (i.e., the last point on each of these cores).

Figure 3c shows mn and σ0 for PRB1B replotted to include
those locations where sand was sampled (7.5, 10.5, and 13.5
cm) in order to illustrate the dramatic decrease in mn and
σ0 as a result of the sand inclusion.

Corrosion Level Analysis. Cross sectional SEM imaging
indicates a decrease in the amount of surface corrosion with
distance from the soil/iron interface into the barrier. Figure
4 shows selected SEM images for PRB1B and PRB5. Images
for PRB6 are available in figure S3 of Supporting Information.
The images suggest that the amount of surface corrosion
differs between cores, being greatest in PRB1B.

For example, the image of PRB1B 1.5 cm (Figure 4a) reveals
severe corrosion, with crumbling and cracking of iron
particles. Further into the core at PRB1B 7.5 cm (Figure 4b),
iron particles retain a thick corrosion rind, but crumbling
and cracking are absent. PRB1B 16.5 cm (Figure 4c) shows
only a thin and discontinuous corrosion rind suggesting
minor corrosion; PRB1B 19.5 cm (image not presented for
brevity) showed little evidence of corrosion rind.

Images of PRB5 1.5 cm (Figure 4d) also reveal a thick,
continuous corrosion rind, although there is no visible
crumbling or cracking of iron materials, suggesting less
corrosion as compared with the same location in PRB1B;
PRB5 7.5 cm (Figure 4e) shows a discontinuous, thin corrosion
rind whereas PRB5 13.5 cm (Figure 4f) shows no corrosion
rind. These results suggest that the corrosion front in PRB1B
(collected at the northern end of the barrier) (g16.5 cm) is
considerably wider than in PRB5 (collected at the southern
end of the barrier) (e13.5 cm). PRB6 similarly showed a
pattern of corrosion rind development, with samples close
to the soil/iron interface showing more severe corrosion than
samples far from it (Figure S3). The sample captured furthest
from the soil/iron interface in this core (PRB6 10.5 cm) still
showed a corrosion rind, particularly on smaller particles.

BET surface area measurements revealed a continuous
decrease of Ss (from 10.9 m2/g to 4.9 m2/g in PRB1B, from
6.3 m2/g to 4.0 m2/g in PRB5, and from 13.3 m2/g to 4.5 m2/g
in PRB6) from the most reacted (closest to soil/iron interface)
to the least reacted iron (furthest to soil/iron interface) (Table
S1). The high Ss at the soil/iron interface is consistent with
surface complexity and a high fraction of fine mineral
precipitates resulting from severe iron corrosion and mineral
precipitation. Among the three cores, PRB1B had the largest
Ss at most locations, indicating the most severe corrosion.

Mineral Precipitation Analysis. XRD scans and SEM
equipped with energy-dispersive X-ray spectroscopy (EDX)
provided qualitative information on likely mineral phases;
these included iron oxide/hydroxide, carbonate minerals,
sulfide minerals, green rusts, and quartz. All three cores
exhibit similar XRD characteristics with mineralogical com-
plexity decreasing with distance from the soil/iron interface
into the core. XRD scans for core PRB5 are presented in Figure
5, and scans for PRB1B (Figure S5) and PRB 6 (Figure S6) are
available in the Supporting Information.

All cores show evidence of iron oxide/hydroxide mineral
phases. Magnetite (Fe3O4) was identified as the dominant
iron oxide in all cores consistent with the reductive environ-
ment within the barrier (pH ) 9-10 and Eh ) -120 - -210
mV, Table 1a). Geochemical modeling with PHREEQC
confirmed that magnetite is the major iron oxide forming
under this pH-Eh range. The black color of the cores supports
widespread existence of magnetite.

Siderite (FeCO3), calcite (R-CaCO3), aragonite (â-CaCO3),
as well as magnesite (MgCO3) were identified as major
carbonate minerals (Figure 5, S5, and S6), calcite being the
dominant phase. The crystalline structure of calcite was
identified in SEM images (Figure S4b, Supporting Informa-
tion). Aragonite and siderite were identified in all cores.
Geochemical modeling with PHREEQC showed that iron
carbonate and calcium carbonate are oversaturated in the
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barrier and can precipitate under the given geochemical
conditions (Table 1a). Moreover, groundwater geochemical
analysis (Table 1a) suggests significant removal of Ca, Fe,
and Mg and reduced alkalinity in the barrier, providing
evidence for iron/calcium/magnesium carbonate mineral
precipitation. Core material elemental analysis (Table 1b)
showed precipitation of Ca and Inorganic Carbon (IC) further
supporting carbonate mineral precipitation. Note that con-
centrations of Ca and C were higher in PRB1B than in PRB5
and PRB6, indicating more intensive iron corrosion and
mineral precipitation at the north end of the barrier.

Iron sulfides were also identified by XRD (Figure 5, S5
and S6). SEM/EDX revealed that Fe and S are major elements
of elongated circular-shaped mineral aggregates (Figure S4c,
Supporting Information), possibly being sulfate reducing
bacteria covered by iron sulfide. Groundwater geochemical
analysis (Table 1a) revealed a decrease of SO4

2- from 10 to
25 mg/L outside of the barrier to below 2 mg/L within the
barrier. Sulfur was also identified in core material elemental
analysis at higher concentrations in PRB1B than in PRB5
and PRB6 (Table 1b) further suggesting greater reactivity
toward the north of the barrier.

Green rusts (mineral phases of mixed Fe2+/Fe3+ oxy
(hydroxide) layers with anions (i.e., Cl-, CO3

2-, SO4
2-)

frequently incorporated into inner-layer spaces (33) were
identified by XRD in all cores (Figure 5, S5 and S6) and a
characteristic hexagonal platelet morphology observed with
SEM surface imaging (Figure S4a, Supporting Information)
(33, 34). Quartz was identified in most of the samples,
probably due to both Si impurities (about 2%) in peerless
iron and partial incorporation of natural soil or sand into the
barrier. Geochemical monitoring also revealed significant
reduction of silica in the barrier (Table 1a).

Interpretation of Electrical Measurements. Our geochem-
ical analyses indicate that the complex conductivity variation
in these cores is directly related to Fe0 corrosion and mineral
precipitation. The gradual decrease in the real and imaginary
parts of the complex conductivity and equivalent Cole-Cole
model parameters with distance into the barrier coincides
with the gradual decrease in surface morphological and
mineralogical alteration due to corrosion and precipitation
with distance from the upgradient soil/iron interface. The
gradients of the mn and σ0 curves of PRB1B (Figure 3a and
b) are less than those of PRB5 and PRB6, indicating a wider
interface of corrosion at PRB1B. This is consistent with the
cross sectional SEM imaging, which clearly shows that PRB1B
exhibits a wider zone of corrosion and precipitation relative
to the other cores. Furthermore, aqueous geochemistry

FIGURE 2. Spectral electrical data of three cores at different locations (1.5 (O), 4.5 (0), 7.5 (4), 10.5 (]), 13.5 (b), 16.5 (9), and 19.5 (2)
cm): (a) σ′′ of core PRB1B; (b) σ′ of core PRB1B; (c) σ′′ of core PRB5; (d) σ′ of core PRB5; (e) σ′′ of core PRB6; (f) σ′ of core PRB6. Data
are plotted on logarithmic scale. The three measurements from 7.5 to 13.5 cm for PRB1B and that from 1.5 cm for PRB6 are not plotted
as they were not 100% PRB material (Figure S1).
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suggests that preferential flow close to PRB1B results in
greater precipitation of carbonates and sulfides at this end
of the barrier.

Cole-Cole modeling of electrical measurements on
unreacted peerless iron (obtained directly from the supplier)
saturated with KCP groundwater resulted in values of mn

and σ0 of 0.06 S/m and 0.07 S/m respectively (Figure 3). The
respective values at 13.5 cm in PRB5 are mn ) 0.068 S/m and
σ0 ) 0.079 S/m, suggesting that the sample obtained here is
essentially unreacted Fe0. The core for PRB5, therefore,
probably captured the full interface of reacted/unreacted
iron. However, mn and σ0 are much higher at 19.5 cm in
PRB1B and 10.5 cm in PRB6, indicating some reacted iron

at these locations and implying that the interface of reacted/
unreacted iron in these cores was not fully captured. This
conclusion is again well supported by SEM imaging. For
example, the image at 10.5 cm for PRB6 exhibits a clear
corrosion rind (Figure S3d), whereas the image at 13.5 cm
in PRB5 shows little evidence of corrosion (Figure 4f).

We attribute the increased complex conductivity associ-
ated with increasing corrosion and precipitation to the
combined effects of Fe0 surface morphological change and
mineralogical alteration, consistent with laboratory experi-
ments (22). The increase of Ss due to iron corrosion and
mineral precipitation increases the metal/electrolyte contact
area and thus enhances interfacial polarization; it also

FIGURE 3. Cole-Cole model parameters mn and σ0 as a function of distance from the soil/iron interface for three cores (a) mn (b) σ0 ((PRB1B
(O), PRB5 (4), PRB6 (b)).The dashed lines in (a) and (b) represent the values of unreacted iron. Each plot has a logarithmic y-axis and
linear x-axis. (c) PRB1B replotted to include the samples affected by the sand encountered in this core from 8 to 13 cm (σ0 (O), mn (b)).

FIGURE 4. Cross sectional SEM image sequences of PRB1B and PRB5: (a) PRB1B 1.5 cm; (b) PRB1B 7.5 cm; (c) PRB1B 16.5 cm; (d) PRB5
1.5 cm; (e) PRB5 7.5 cm and (f) PRB5 13.5 cm. Bar: 200 µm.
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increases conduction as there are more sites for redox-driven
charge transfer across the metal/electrolyte interface. This
is supported by EIS results showing that corrosion reduces
the charge transfer resistance across the metallic mineral/
electrolyte interface (20, 21). Under the condition of mini-
mally altered metallic mineral phase, a near-linear correlation
between mn and BET estimated Ss has been observed (24).
However, significant mineral phase changes, as observed in

these cores, prevent establishment of a simple quantitative
relationship between mn and BET estimated Ss (22).

Our results suggest that conduction increases more than
polarization in response to mineralogical alteration and
corrosion and the formation of secondary mineral phases in
these cores. We attribute this to the nature of the mineral-
ogical alteration of the iron surface. Nanoporous precipitates
that still allow charge transfer between Fe0 redox sites and

FIGURE 5. X-ray diffractograms of samples from PRB5 at locations: (a) 1.5 cm; (b) 4.5 cm; (c) 7.5 cm; (d) 10.5 cm; (e) 13.5 cm. (Mgh-
maghemite, Mgn-magnetite, Cal-calcite, Ara-aragonite, S-siderite, Mgs-magnesite, Gre-greigite, Mac-mackinawite, Lep-
lepidocrocite, GR-green rusts, Fe-Fe0, Q-quartz).

TABLE 1. KCP Barrier Groundwater Geochemistry and Core Material Elemental Analysis

GroundWater Geochemistry Dataa

location well# pH Eh alkalinity Ca Mg Mn silica Fe SO4

PRB1B
upgradient 213 6.6 -105.2 553 207 18.7 3.86 45.5 41.5 9.18

in barrier 222 9.8 -170 49 13.9 0.07 0 1.69 0 0
225 10 -213.6 47 5.64 0.23 0 2.88 0.053 1.9

downgradient 244 9.3 -129.8 30 37.8 1.35 0.01 1.7 0.0525 85.8

PRB5&6

upgradient 210 6.8 -118 452 181 16.4 3.55 36.8 25 25.8
220 9 -182.9 34 36.2 1.89 0 0 0 0

in barrier 223 9.7 -119.9 36 31.8 2.76 0.07 0 0
downgradient 245 7.2 -124.9 422 178 15.5 4.24 45.9 25.3 34.8

Core Material Elemental Analysis Datab

name PRB1B PRB5 PRB6

1.5 4.5 7.5 10.5 13.5 16.5 19.5 1.5 4.5 7.5 10.5 13.5 1.5 4.5 7.5 10.5

IC 367 269 373 634 11 168 245 25 110 128 228 252 128 17 116 60
Ca 119 1580 526 295 998 276 263 248
S 49 59 161 81 77 63 31 1 50 40 56 68 39 38 54 24

a Unit: ppm for alkalinity and ion concentrations. b Unit: ppm.
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electrolyte, as well as nonporous, electroactive precipitates,
can both provide electron pathways between Fe0 and
electrolyte that enhance redox reactions and thus electronic
conduction by facilitating charge transfer from the Fe0 surface
to oxidants in electrolyte (20). Magnetite, the dominant
mineral phase in these cores, is particularly effective at
facilitating such charge transfer (35), such that magnetite
precipitation improves conduction in metallic minerals (21).

Research on iron corrosion has shown that minerals
precipitate either as an iron surface coating, increasing
surface complexity (hence, surface area), or as discrete
mineral clusters, infilling pores that can reduce surface area
under severe clogging (8, 9, 17). Only mild clogging by iron
minerals close to the soil/iron interface was observed in cores
during sample preparation. Research shows that major
mineral phases contributing to porosity loss are CaCO3 >
Fe3O4 (10). Core material elemental analysis was used to
estimate porosity loss due to CaCO3 precipitation (Table 1b)
applying the standard used in ref 34 that 3.2 mg of C per g
of Fe could account for a void volume reduction of ∼5%. A
3.2% porosity loss was calculated at the soil/iron interface,
decreasing into the cores. This small porosity loss is consistent
with our results in that conduction and polarization both
increase as expected following precipitation of surface
coatings and discrete fine particles.

Our previous results on synthetic laboratory Fe0 columns
revealed 23-35% increases of mn and 25-45% increases of
σ0 resulting from short-term iron corrosion and mineral
precipitation (22). The field cores exhibit much greater
changes in electrical properties (Figure 3) between the most
and least reacted zones. This is expected as the corrosion
and precipitation observed after eight years of operation of
the Kansas City Plant PRB is much greater than that generated
in our synthetic studies (as apparent from SEM). Thus it is
clear that geoelectrical measurements have adequate sen-
sitivity to detect mineralogical alteration within field PRB
installations. Furthermore, results for core PRB1B (Figure
3c, S1) demonstrate that electrical measurements are very
sensitive to contamination of the Fe0 by nonmetallic minerals
(in this case sand) and could, therefore, be applied for
detecting flaws in the construction and installation of a PRB.

The clear relationship between low frequency electrical
measurements and degree of corrosion in cores from a field
PRB has confirmed that low-frequency electrical methods
could be used to noninvasively evaluate iron corrosion and
mineral precipitation in field PRB installations. The four-
electrode measurement used here is readily up-scalable to
a downhole measurement or even to electrical imaging (over
a narrower range of low frequencies) using electrodes placed
around the edge of the barrier (14). Long-term monitoring
of indicators of performance reduction in PRBs using
geoelectrical tools applied in the field, therefore, appears
possible and should be encouraged.
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is available free of charge via the Internet at http://
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