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A solid-state voltammetric gold amalgam microelec-
trode has been developed for the measurement of
dissolved 0, S(—Il), Fe, and Mn in the porewaters of
marine sediments. This electrode can provide more
information at (sub)millimeter depth resolution on all
of the major redox species found in the environment
than membrane microelectrodes which usually can
measure only one of these species per electrode.

We describe the construction, standardization, analytical
validation, and application of a microelectrode to
marine sediments. The use of the microelectrode takes
advantage of the fast scan voltammetric methods
for simultaneocus measurement of all redox species
during one potential scan. Electrochemical con-
ditioning of the solid-state microelectrode between
voltage scans while deployed in waters and sedi-
ments allows for repeated use of the electrode. Finally,
we demaonstrate depth profiles at millimeter resolution
for the redox species in a Delaware salt marsh. The
profites observed are consistent with the known
biogeochemical cycling of the target redox species.
In addition, we provide evidence for H,0,, iron{ll)
sulfide complexes, and iron(lll) colloids or organic
complexes in porewaters.
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Introduction

Microelectrodes to determine the concentration of a single
analyte have become an important tool for the elucidation
of natural microbial and biogeochemical processes (I1—
11). These electrodes have been used to measure profiles
of 0,, H,S, pCO;, N20, and pH in the environment. The
profiles have allowed the calculation of O, fluxes (5—7)
which are coupled to the production and consumption rates
of organic matter by microorganisms. Membrane elec-
trodes have also been used in combination for determining
the Oy/H,S interface of a microbiological community (11),
for determining the photosynthetic rates in a microbial
mat (8), and for determining deep water hydrothermal flow
(4). Oxygen and N,O microelectrodes have been used in
combination for denitrification studies (10).

Many of the microelectrodes for environmental research
(e.g., O;, pCOz, N;0) depend on the flux of gas through a
membrane for an analytical signal. The signal for am-
perometric type electrodes (O; and N,O) is measured as a
current at a fixed potential. Scanning voltage while
measuring current in a normal voltammetric experiment
has not been employed, which typically limits these
electrodes to a single analyte each. Although much
information has been gained with membrane electrodes,
there are many nongaseous substances that cannot be
detected with them, specifically dissolved Fe and Mn. These
environmentally significant metals are released by microbial
oxidation of organic matter with iron(IIIl) oxides and Mn-
(II1,IV) oxides as electron acceptors (12) and by reduction
of their oxides with H,S. Froelich et al. (12, Table 1) have
shown that the use of available oxidants in the decomposi-
tion of organic matter will be determined by the oxidant
yielding the greatest free energy change per mole of organic
carbon oxidized. These reactions show that, as O, is
depleted, concentrations of the other reduced species will
increase depending on the availability of their oxidized form
and reduced organic matter. Of particular interest is the
reduction of iron(Ill) and manganese(Il,IV) oxides and
oxyhydroxides due to the high free energies resulting from
the reactions of these minerals with organic matter. To
date, iron profiles at a millimeter depth resolution have
been accomplished by diffusion of dissolved iron into thin-
layer gels (2) followed by proton-induced X-ray emission
(PIXE) analysis. This method is limited to the availability
of highly specialized equipment, and the gels used require
significant equilibration times in the sediment. Ideally, a
device capable of determining the concentration changes
of several redox species at a time in these suboxic
sedimentary environments would be of great use to a variety
of disciplines involved with the study of natural bio-
geochemical processes.

We describe the use of a single working electrode to
measure the key dissolved redox species [Fe, Mn, S(—II),
and O] in the sedimentary environment by voltammetric
methods. Our main objective is to understand more about
the O,/Mn, O,/Fe, and Fe/H,S interfaces. Studies to date
using membrane microelectrodes have only focused on
the oxic/anoxic interface, which is punctuated by nonde-
tectable O, concentrations and the initial detection of H,S
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TABLE 1

Free Energies of Organic Matter Oxidation hy Oxidants in Sediments

free energy (A G°)
{kd/mol glucose)

oxidant reaction
oxygen {CH20)106{NH3)16(H3POs4) + 1380, — 106C0O; + 16HNOQ; + H3PQ, + 122H,0 -3190
manganese {CH20)106(NHgs)1g(H3P04) + 236MnQ, + 472HT — 236Mn2T 4+ 106C0O; + 8N; + —3080 (birnessite)
HaPO,4 + 366H,0 —3050 {nsutite}
—2920 (pyrolusite)
nitrate (CH20)1OG(NH3)16(H3P04) -+ 84.4MNQ; — 106C0O; + 55.2N; + H3PO, + 177.2H,0 ~3030
{CH20)106(NH3)15{H3PO,) + 84,4HNOQ; — 106CQO; + 42.2N; + HzPO, + 148.4H,0 + 16NH; —2750
iron {CH20)105(NHa)16(H3PO,) + 212Fe,05 + 848H" — 424Fe?* + 106C0, + 16NH; + —1410 (hematite, Fe,Q3)
HsPQ, + 530H.0
(CH20)105(NHa)16(HaPO,) + 424FeOOH + 848H™ — 424Fo2~ + 106 CO; + 16NH; + —1330 (limonitic geothite,
H3PO, + 742H,0 FeOQH)
sulfate (CHz0)108({NH3)16{HaPO4) + 538042~ — 108CO; + 16NH; + H3PO, + 5382~ + 106H,0 —-380
methanogenesis {CH20)108{NHz)1s{HaPOs) — 53C02 + 53CH4 + 16NH3 e H3P04 —350

{4, 8, 11} produced by the oxidation of organic matter during
the reduction of sulfate by microorganisms. In many
environments, sulfate is not the next available oxidant for
organic matter after O,.

Initially, we chose to apply our electrodes to determine
the chemical changes at the air/sediment boundary of a
marsh environment because of accessibility. The air/
sediment boundary of the salt marsh environment is one
of complex redox chemistry but has been well-studied (13,
14). Rapid fluxes of gases into the sediments combined
with abiotic and biotic reactions, including high organic
matter productivity and mineral dissolution, give rise to
steep concentration gradients of various redox species.
These variations can be an order of magnitude or more
over a distance of a centimeter or less (I4). The concen-
trations of all the key redox species have until now been
determined by sectioning cores taken from the marsh into
0.5-cm intervals or higher (or for O; and H,S with micro-
electrodes at (sub)millimeter intervals). Extraction of the
porewater from the cores is then accomplished by either
centrifugation or squeezing of the core sections. The
porewater is then analyzed by a variety of methods to
deterrmine the concentrations of various redox species. This
sampling procedure has helped to elucidate marsh chem-
istry as well as ocean and lake sediment chemistry.
Although the core sectioning method is used widely, it has
several inherent limitations. Three of the most critical
limitations are (i) only the average concentration for the
section can be determined, leaving steep concentration
gradients within a section unobserved; (ii) mixing of the
extracted porewater from within the section causes small
areas of highly concentrated species to be diluted by an
order of magnitude or more; and (iii) mixing of the extracted
porewater can change the concentrations of some of the
redox species by chemical reactions when the sediment
sectioned is composed of different redox regimes. For
example, mixing of porewaters can cause reactions that
would decrease concentrations of Fe(Il) and sulfide to form
sulfide minerals. Other difficulties include the contamina-
tion with oxygen or the loss of dissolved gases such as
oxygen, CO;, or hydrogen sulfide, which in the case of CO,
can cause a change in the pH of the sample. Adsorption
to filters and sampling equipment can also give erroneous
results. These problems in sample handling and analysis
need to be avoided to truly understand fluxes of species
and redox processes in the marsh environment.

Solid-state voltammetric microelectrodes, when com-
pared to electrodes of a few millimeters or more in diameter,
have several advantages (15). First, the reduced capacitance
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of the small surface area allows increased scan rates, which
can increase sensitivity. Second, decreased voltage (IR)
drop between the reference and working electrodes allows
the working electrode to be moved away from the reference
electrode without shifting of peaks. Third, enhanced
diffusion from the edges of the electrode permits less time
between measurements. Important advantages of Hg
microelectrodes are (i) the high overpotential of hydrogen
on mercury, which allows for the measurement of Mn and
Fe, and (ii) the ability of mercury to form stable films on
noble metal surfaces and carbon, which allows for its use
as a solid-state electrode. Mercury microelectrodes have
been used in fast scan voltammetry (16), stripping analysis
(17-22), and highly resistive solvents (23). They have also
been used for the validation of microelectrode theory (24—
26). Although a considerable amount of work has been
accomplished demonstrating the advantages of these
microelectrodes over normal ones, there has not been as
much effort to develop these for actual applications in the
environment (21). Most analytical applications of solid-
state microelectrodes have been confined to the use of Pt
and C microelectrodes for making qualitative and quan-
titative measurements in extremely small volumes especially
in physiology (27, 28). In cases where these electrodes are
used for repeated measurements, it is necessary to use a
form of pulsed amperometric detection, PAD (29, 30), to
maintain the integrity of the electrode.

PAD can be used with any size electrode and involves
applying an additional potential pulse or pulses for cleaning.
The pulse maintains a reproducible signal by removing
unwanted material from the electrode surface. This method
has been applied in several different applications where
the electrode cannot be removed when doing a series of
measurements, such as the use of a Pt electrode to measure
intracellular concentrations of neurochemicals (28). PAD
has also been used for the removal of oxides that form on
Pt electrodes (31) and for routine analysis in flow-through
systems such as HPLC (30, 32). In our work, we use Au/Hg
microelectrodes with conditioning steps similar in principle
to PAD to measure dissolved Fe, Mn, O, and S(—1II) in the
marsh environment.

In this paper, we show that glass-encased Au/Hg
microelectrodes are sturdy enough to withstand penetra-
tions into salt marsh and other sediments to depths of 2
cm or more while maintaining accurate calibrations.
Square-wave voltammetry and other waveforms were used
to profile Fe, Mn, O, and S(~1II) concentrations at millimeter
resolution in several marsh and harbor cores. The use of
conditioning steps allowed for repeated measurements to



be made with the microelectrode immersed in sediment
for up to 12 h with little or no degradation of the signal.
This is the only method we are aware of that can determine
concentration gradients of several key redox species within
a sedimentary environment.

Experimental Section

Reagents, Analytical grade chemicals Fe(NH,),(SO4)26H;0,
MnCl»4H,0 (Fisher), Na,$ (Alfa), and Millipore water were
used to make the standards for calibrations. Oxygen was
calibrated using the Winkler titration method (33). All
calibrations were done using open ocean Sargasso seawater
of approximately 35 ppt salinity as a supporting electrolyte,
which was filtered through a 0.4-um nuclepore filter. The
seawater had an average pH of 8.3. To adjust the pH over
the range 4.0-8.3 for standardization and calibration
experiments, HCl was added to remove CO, from seawater,
and buffers (usually acetate) were added to stabilize the
pH. The seawater was diluted with deionized water for
lower salinity experiments and was concentrated by boiling
to make higher salinity water. When measuring iron at pH
values > 5.5, reagent-grade sodium dithionite (Na;S;0,) was
added to the seawater to achieve a 2.0 mM concentration
0fNa,5,0,. Sodium dithionite reduces any Fe(I1I) produced
to Fe(1I) so that Fe(II) measurements can be made. Mercury
was deposited onto the gold using 0.10 M ACS-grade Hg-
(NOg); (Fisher) acidified to a pH of about 1.5 using nitric
acid.

Instrumentation. EG&G Princeton Applied Research
Corp. (PAR) Model 384B and Analytical Instrument Systems,
Inc. (AIS) Model DLK-100 were used for all measurements.
The DLK-100 has a picoammeter detection system with
full computer control whereas the Model 384B has a
nanoammeter detection system. The computer-controlled
picoammeter system allows for better detection limits since
both signal and noise can be discerned easier at lower
currents; it also allows the forward and reverse currents of
a square-wave voltammogram (which are opposite in sign)
to be plotted along with the resultant current. A standard
three-electrode voltammetric cell was used for all electro-
chemical measurements, using the gold amalgam as the
working electrode, a 0.5-mm diameter platinum wire as
the counter electrode, and a saturated calomel electrode
(SCE) as the reference. The working electrode was posi-
tioned in the cores using a 3-axis Narishige micro-
manipulator Model MN-153. The polisher/grinder used
was built in-house.

Gold Amalgam Electrode Construction. The electrodes
are constructed using standard methods (34). Briefly we
use 4-mm outside diameter soft glass for our work. The
end of a 15-cm section of glass is heated in a small flame,
and the tip is pulled to a diameter of less than 0.4 mm for
a length of about 3—5 cm. A gold wire with a diameter
ranging from 50 to 250 xm is then inserted, and the tip is
placed back into the flame briefly to seal the gold into the
glass. Typically we use 100-um Au to make a more robust
electrode to penetrate marsh sediments. Once cooled, the
excess glass is sanded away with 400 grit sandpaper on a
polisher to expose the gold wire. A BNC cable is then
epoxyed to the gold wire inside the glass with a silver epoxy,
and the electrode is then sealed at the top of the glass with
an epoxy.

Once constructed, the electrode surface is polished with
diamond polishes of the following sizes 15, 6, 1, and 0.25
um in succession. All polishing and sanding is done with

a small electrical polisher attached to a variable voltage
source. The micro-manipulator is used to hold the
electrode in place. After the final polishing, the electrode
is plated with Hg by electroreducing Hg(Il) at a potential
of 0.0 V (vs SCE) for 3 min. The electrode is then viewed
from the side with a stereo microscope to observe that a
thin film of mercury approximately 10—25 um has formed
over the wire. At this time, the electrode is placed in 1.0
M NaOH, and a potential of —9.0 V is applied for a period
of 2 min (35). Both H™ and Na™ are reduced at the Hg at
this potential. During this time, the evolution of hydrogen
gas can be observed from the reduction of water at the
electrode surface. The evolution of hydrogen continues
for some time after the potential is removed due to the
reaction of the sodium amalgam with water. We have found
this last step to give more reproducible peak positions and
sensitivities, with lower minimum detection limits since
the Hg diffuses into the Au wire providing a more durable
amalgam (35).

Field Sampling. The sampling site was well vegetated
with marsh grass and is located within 15 m from the nearest
creek (13, 14). The samples contained active plant roots
and decaying organic matter which may cause small-scale
chemical heterogeneity. One core was also taken at a site
with decaying root mass and no live vegetation. All field
samples were taken with Plexiglas core tubes approximately
15 ¢cm long and 5 cm wide. Stoppers were placed in the
bottoms of the tubes and then taped immediately after the
samples were taken in order to minimize sample exposure
to air. Samples were then brought back to the lab, and
analysis begins within 2 h of sampling. We performed one
study on a soft Boston harbor sediment that contains no
significant root mass.

Analyses of Cores. Prior to field analyses, standard
curves were generated in seawater for all analytes (O,, H,S,
Mn, Fe) using a standard three-electrode voltammetric cell.
However, we only need in a given day to generate a standard
curve for one analyte. We chose Mn because it is quite
stable at seawater pH and is the easiest standard to prepare.
We use the “pilot ion method” (36) so that we can use
standard curves previously generated for O, H,S, and Fe
because the ratio of the slopes for the calibration curves
are constant.

Sediment profiles were measured by lowering the
microelectrode into a core with a micro-manipulator and
taking measurements at millimeter intervals, usually in
duplicate or triplicate to determine the reproducibility and
response of the microelectrode. The reference housed in
a salt bridge and counter electrodes was inserted into the
core approximately 1 cm from the working electrode in a
standard 3-electrode voltammetric cell arrangement. The
electrodes were allowed to equilibrate for 1 min at each
depth and for each replicate at a given depth prior to
conditioning and application of the waveform (this is further
described in the Results and Discussion section under
Electrode Conditioning). After the field analyses, a calibra-
tion was again performed for Mn to determine the stability
of the sensor’s response. Occasionally a calibration for Fe
and/or O, was performed to verify the use of the pilotion
method.

Results and Discussion

Electrode Conditioning. To maintain reproducibility dur-
ing analysis, we found it was necessary to use a conditioning
step between each potential scan. Conditioning consists
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TABLE 2

Electrode Reactions at Au/Hg Electrode for Key Redox Species in This Work vs the SCE®

E )
Oz +2Ht + 28— H;0; -0.30
HS™ + Hg <~ HgS + Ht + 2e~ -0.62
FeZ* + Hg + 2e~ - Fe(Hg) -1,43
Mn2*+ + Hg + 2e~ == Mn{Hg) -1.868
H»0p + 2H* + 2~ — 2 H,0 -1.30

MDL? (»M) MDL® (M) slope (nA/uM)
25 5 0.182
<0.8 <0.2 2.2
40 16 0.025
15 5 0.070
25 5 0.152

# All data are obtained with a 100-um diameter working electrode (A = 7.85 x 10 mm?). 0, and H,0, data were collected by LSV; Mn, Fe, and
sulfide were collected by SWV. MDL, minimum detection limit, © MDL for EG&G PAR Model 384 B. ¢ MDL for AIS, Inc. Model DLK-100.
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FIGURE 1. Square-wave voltammogram (upper curve) and linear sweep voltammogram (lower curve) obtained from a microelectrode
deployed in a salt marsh core. In SWV, the resuitant current is plotted as a positive current and for 0, is less sensitive than the corresponding
LSV; SWV allows for better peak detection and resolution for reversible and quasi-reversible peaks such as Mn. In the LSV mode, reduction
reactions are plotted as negative currents. The peaks near —0.3, —1.3, and —1.55 V are due to 0,, H,0, and Mn, respectively.

of applying a potential to the electrode, where the redox
analyte is not electroactive, for a given time period in order
to maintain the integrity of the electrode surface by
removing any previously deposited electroactive species.
The conditioning potentials are determined primarily by
the redox species present at a given depth. For our marine
sediments, the predominant electroactive species are O,
H,S, Fe(II), and Mn(lI). Their electrode reactions are given
in Table 2. Only O, gives an irreversible reaction. The
other species are reversible or quasi-reversible (37—-38).
The polarographic peak for sulfide is the sum of the H,S,
HS~, and any polysulfide species (S:2-) and is defined as
total S(—1II) (38). Earlier results with linear sweep and
differential pulse modes showed a decrease in signal with
successive measurements for H,S, Fe, and Mn if the
electrode was not conditioned because of continual depo-
sition of these species in the Hg film. Our conditioning
step(s) remove the analyte of interest from the electrode.
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The H,S electrode reaction is an oxidation, and a negative
potential is needed to reduce the HgS formed at the Hg
electrode and release the sulfide into solution. The Fe and
Mn electrode reactions are reduction reactions, and a
positive potential is needed to oxidize the Fe and Mn in
order to remove them from the Hg electrode and disolve
them into solution.

We have found that a potential of —0.2 V for a period
of 2 min is required to restore the electrode surface before
measuring Fe and/or Mn in anoxic environments when
H,S is not present. This step removes any Fe and Mn that
may have remained in the amalgam after the previous scan.
If H,S is present, a conditioning potential of —0.8 V is used
to remove any Fe, Mn, and H,S deposited on the electrode
because none of the species is electroactive at this potential.
To measure sulfide species only, 1 min of conditioning is
needed to fully remove any deposited sulfide at —0.8 V. We
have not needed to condition when doing analysis for
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FIGURE 2. Linear sweep voltammograms of (A) standard seawater purged with argon to remove only a portion of the 02; (B) standard seawater
purged with argon to remove all the 0, and to which 24 zM H,0, was added; (C) a salt marsh porewater showing a higher ratio of H.0;

to 0, than expected based on standard seawater (curve A).

oxygen alone. The fast scan rates typically used do not
deplete O, to any significant extent in contrast to membrane
electrodes which consume O, continuously.

After conditioning, the electrode is allowed to equilibrate
for 5 more seconds before applying the waveform. The
voltage range scanned is generally from —0.1 to —2.1 V.
Typically, for linear sweep voltammetry (LSV), we scan at
200 mV s7L, and for square wave voltammetry (SWV), we
use the following parameters: pulse height 15 mV, step
increment 2 mV, frequency 100 Hz, scan rate 200 mV s™1,
The electrode is allowed to equilibrate for 1 min before the
next voltammetric sequence (conditioning and analysis
steps). To perform analyses in triplicate at a given depth
for all species requires a total time of about 10 min for all
steps (equilibration, conditioning, and waveform scan).

SWV is the mode of choice for reversible electrode
reactions due to the increased scan rates and higher
sensitivities. The reduced analysis time required for this
method may also increase the useful lifetime of the electrode
surface, which is indicated by the reproducibility of a
measurement with shorter conditioning times. The data
reported in Table 2 were acquired using SWV except for O,.
For O, which gives an irreversible electrode reaction, LSV
or a plot of the forward scan of the square-wave mode is
the mode of choice. There is no gain in the sensitivity for
anirreversible electrode reaction in the square-wave mode
because the gain in sensitivity due to the resultant current
peakisrelated to the current difference between the forward
and reverse scans (39). In fact, we note a decrease in
sensitivity for O; in the SWV mode as compared to LSV.
Figure 1 shows representative voltammograms for O; and
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FIGURE 3. Mn calibration curves in seawater of differing salinity
to show the reproducibility of the Au/Hg working electrode after 7
h of use; conditioning steps were performed after each measurement.
The error bars are smaller than the symbol size.

Mn in a porewater using both SWV and LSV. The peak at
—1.3 V is due to hydrogen peroxide (see below).
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Figure 2 shows representative linear sweep voltammo-
grams for the Au/Hg microelectrode in standard seawater

from which most of the oxygen has been purged (curve A;
43.7 uM Oy), from which all the oxygen was purged and 24
uM of peroxide was added (curve B), and in the porewater
of a salt marsh sediment (curve C). The peak near —1.3V
in curve A is due to hydrogen peroxide, which is irreversibly
reduced to water (Table 2); the peroxide is formed during
the reduction of oxygen at the electrode and that peroxide
is then reduced at the electrode. In all standard seawater
solutions of differing O, concentration which are produced
by purging with argon, the peak current ratio of H,0;,to O,
in the linear sweep mode is 0.91 over the entire O,
concentration range. However, in porewaters, we have
observed that the ratio can be greater than 1 (curve C),
indicating that the H,0; is not from the reduction of O,
alone and is probably an intermediate in the decomposition
of organic matter by O,. The sensitivity and detection limits
for H,0, are similar to O,. We estimate the actual H,0,
concentration of the porewater from curve C to be 16,7 uM
based on the difference between the ratios of H,0, to O,
for curves A (0.91) and C (1.35). We have observed H,0,
in only a couple of instances in our salt marsh porewaters.

Organic Fouling. Electrochemical analysis of environ-
mental samples can be affected by organic materials which
adsorb onto the electrode surface. We attribute certain
changes in electrode response to dissolved organic material
in samples. These changes are a decrease in peak current
and a shift in reduction potentials to more negative values
when standardizing for Mn and Fe in seawater but not in
Na(l solutions which are devoid of organic matter. We
have found that extending the final potential of an analysis
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FIGURE 5. Square-wave voitammograms of Fe(ll) added to standard seawater. Curve A shows a broad peak near —0.7 V, which we tentatively
assign as Fe{lll) colloids and/or organic complexes. Sodium dithionite was then added to reduce Fe(lll) curve B. Curve A has heen observed
in the porewaters of Boston Harbor sediments at depths where 0, hecomes nondetectable.
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to —2.1 V in seawater minimizes the effects of this fouling.
Ending the scans at this negative potential causes the
reduction of sodium (E);; ~ —2.1) to occur on the Hg
electrode surface and the production of H,. This eliminates
the continuous adsorption of organic matter onto the
electrode after each voltammetric sequence by electrore-
duction of the organic species; as evidenced by reproducible
currents and no peak shift for Fe and Mn to more negative
potentials for replicate measurements at the same depth.
Continuous buildup of organic matter after several scans
would cause negative shifts in £, and decreased currents
for Fe and Mn especially at low concentrations. Sodium
amalgam is a useful reagent for the reduction of a variety
of unsaturated functional groups including carboxylic acids,
ketones, and lactones (40).

Standardization and Stability. Seawater (I = 0.7) is
used for standardization because the porewaters contained
within the sediments studied to date have a composition
close to that of standard seawater (14). The electrodes are
standardized by placing seawater in a voltammetric cell
and obtaining a calibration curve with the desired standard.
Sodiurn chloride solutions give similar results. Calibration
curves are performed over the range of concentrations
expected in our samples. Table 2 gives the data for the
calibration curves of each species including the minimum
detection limits (MDL). The picoammeter system gives
better detection limits. These curves usually consist of four
or five standard addition points to the standard seawater
with three replicates for each standard addition. The
precision of replicates in the same cell for each standard

addition is usually better than +£1% with conditioning of
the electrode. We have found that calibration curve slopes
vary by less than +5% over the course of a day. The
correlation coefficients for the ranges shown are usually
greater than 0.999. Figure 3 is a comparison of Mn
calibration curves performed in seawater of differing
salinities. The first curve at 35%o was performed at the
start of the day, the second was done 8 h later after the
electrode had been used to make over 75 Mn measurements
in five different Mn solutions of varying ionic strength during
the day. Over the course of the day, the difference between
the slopes (0.0716 vs 0.0695) for the 35%o. curves was 3%.

Chloride Dependence. For Mn and Fe, the slopes of
the standard curves do vary with solutions of different
chloride concentration because of metal chloride com-
plexation (37). Figure 3 shows the actual standard curves
for Mn. Figure 4 shows the variation of current vs
concentration slopes over a range of salinities for both Mn
and Fe. For Mn, there is an increase in the slope of the
calibration curves from full-strength to half-strength sea-
water with no further change on decreasing the salinity to
one-eighth of seawater. For Fe, the changes are more
pronounced and reflect the higher chloride stability con-
stants for Fe over Mn (41). Figure 4 also shows the E, for
the metal species at each salinity. E, increases positively
at lower salinities for Fe and indicates that chloride
complexation becomes less as expected. For Mn, there is
no significant change in E;, over salinity. For Fe, high salinity
decreases the sensitivity of the electrodes because of
chloride complexation. DeFord and Hume (42) showed
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that both current decreases and negative voltage shifts occur
on complexation of metals. For Mn at low salinities and
thus low Na' concentration, the Nat peak is lower in
current, which allows for better resolution of the Mn peak;
i.e., Mn is no longer near the shoulder of the sodium peak,
and the Mn baseline is more easily observed. Thus,
enhanced sensitivity occurs for Mn in freshwater systems.
The application of these electrodes to estuarine sediments
of lower salinity and freshwater systems is possible if the
chloride content is known, which can be accomplished by
independent measurement. Because the Au/Hg electrode
reacts with chloride in an oxidation reaction to form Hg,-
Cl; (E1/2 = +0.10 V), it may be possible to use the electrode
to measure the lower levels of chloride content by starting
the scan from +0.15 V. This would allow the analyst to use
the appropriate calibration curve for the metals in samples
of low Cl~ content.

pH Dependence. The calibration slopes for O;, Fe, and
Mn do not vary over the pH range 4-8 in full-strength
seawater. In addition, there is no change in E; over pH.
To prevent Fe(Il) from oxidation at higher pH, aliquots of
sodium dithionite solution were added to reduce any Fe-
(I11) that could form. In the case of Fe(Il) additions to
seawater at pH values above 6, anewbroad peakis observed
which is centered near —0.7 V (Figure 5). Addition of sodium
dithionite results in the loss of the broad peak near —0.7
V; the Fe(1l) to Fe(Hg) reduction peak is still observed. We
tentatively attribute this observation to the formation of
Fe(III) colloidal species and/or Fe(Ill) organic complexes
that are still electroactive at the electrode. Fe(Ill) is reduced
to Fe(I) near —0.7 V, and the resulting Fe(II) is then reduced
to Fe(Hg) at —1.45 V. [We note that Fe(III) solutions added
to seawater containing dithionite only give the Fe(ll) to
Fe(Hg) reduction peak at —1.45 V.] The Fe(Ill) reduction
peak appears very sensitive and is dependent upon the
conditioning time at --0.1 V which allows for adsorption of
the Fe(Ill) species onto the electrode. We have observed
this pattern of peak sensitivity for the Fe(Ill) to Fe(Il)
reduction and the reduction sequence Fe(IIl) to Fe(Il) and
Fe(Il) to Fe(0) for Fe(Ill) organic complexes (43). The
reduction sequence is similar to that for Mn(IIl) organic
complexes (37). Although we have not observed this broad
peak for Fe(III) colloidal species in our analyses of salt marsh
sediments, we have observed the —0.7 V peak in Boston
Harbor sediments below the depth where O; can be
detected.

Previous work in our group shows that there isno change
in E, and calibration curves for the H,S system over the
range of pH encountered in the environment (44). How-
ever, when metal concentrations (for example Fe?*) are
greater than five times the sulfide content, metal sulfide
complexes form which shift the E;, of the sulfide peak to
positive potentials and complicate accurate sulfide deter-
mination (44). Thus, qualitative detection of metal sulfide
complexes is possible with the solid-state Au/Hg micro-
electrodes. However, metal sulfide complexes of Fe and
Mn are quite stable (44, 45) and should not permit sulfide
to diffuse through membrane microelectrodes, which would
prevent qualitative and quantitative detection of sulfide.
Luther and Ferdelman (44) have shown that Fe(SH)* has
alog K= 5.5 and Fe,(SH)?* has alog K= 11.1 in seawater.

Field Results. Our results include several profiles of
the four target redox species. Figure 6 is a profile of O; and
H,S measured on March 31, 1993, at a nonvegetated site
covered with a microbial mat and a stagnant pool of water;
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FIGURE 7. Depth profile of 0, and Mn to 10 mm in a vegetated core
taken on March 31, 1993. Fe and H,S were not detected at all depths.

dissolved Fe and Mn were below detection limits. A similar
profile using membrane electrodes would have required
two separate membrane electrodes (8) or a dual electrode
system housed in one membrane (11). The data in this
figure is similar to the data obtained by other researchers
in similar environments (8, 11). Oxygen generally decreases
in the mat above the sediment—water interface due to
sulfide oxidizing bacteria and/or organic matter decom-
position except for the 2—4 mm depth above that interface.
This slight increase is likely due to photosynthetic processes
at that depth (5, 7, 8). Oxygen is depleted quickly below
the sediment—water interface with the H,S concentration
increasing as a result of sulfate reduction during the
decomposition of organic matter.

Figure 7 is a profile of dissolved Mn and O; obtained
from a core also taken on March 31, 1993; dissolved Fe and
H,S were below detection limits. The site was an area
vegetated with marsh grass and was approximately 1 m
from the marsh creek. The values for Mn are higher than
the average value determined from previous studies (14),
indicating there are small areas or depths (<1 cm) of very
high redox activity that can be overlooked by sectioning
sampling methods with centimeter depth resolution. The
decrease in O, and the increase in Mn just below the
sediment surface indicate that organic matter decomposi-
tion in the sediments may have switched from O, to MnO;
as the principal electron acceptor (see Table 1). At about
9 mm, O, was measurable and may have penetrated the
sediments by passage through the spaces of dead root
matter. Dissolved Mn decreases at this depth because of
the oxidation of Mn(II) with oxygen to reform solid MnO;.
This process can be enhanced by bacteria (46).
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Figure 8 is a profile of a core taken on July 27, 1993, at
the mid-marsh vegetated site and analyzed to a depth of
5 mm. Oxygen decreases quickly with depth, and Mn is
constant over the first 2 mm, indicating that Mn is being
released to overlying water on the marsh surface. In the
upper 2 mm, although there is dissolved Mn, Fe is not
detected; H,S was below detection limits. A drasticincrease
in Fe is observed below the top 2 mm of sediment. The
values of Fe at and below 3 mm are large enough to overlap
the Mn signal. Inlaboratorysolutions, we have determined
that the Fe and Mn peaks overlap when the peak current
of Fe exceeds Mn by a factor of 10 or greater. Peak
deconvolution becomes necessary to make current mea-
surements.

Figure 9 shows data from: a core taken on July 20, 1993,
and analyzed to adepth of 20 mm. The Fe profile increases
to a depth of 10—12 mm and then gradually decreases.
Traces of sulfide were noted below 12 mm where the Fe
concentration decreases, indicating that iron suifide min-
erals are likely forming. Below 12 mm, a new peak near
—1.10 V is observed and may be an iron sulfide complex
based on our own laboratory mixing experiments and the
observations of Davison and others in lake waters (47). More
work is needed to ascertain the exact identity of the species
giving this peak.

These representative results exemplify the ability of a
single solid-state microelectrode to measure several redox
species during the same voltammeric scan and to provide
data previously unavailable with membrane electrodes.
Also, it is possible to observe other redox species (e.g., H.O0»;
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FIGURE 9. Depth profile of 0, Fe, and Mn to 20 mm in a vegetated
core taken on July 20, 1993. Traces of sulfide were measured below
12 mm.

Fe(Il) colloids; iron sulfide complexes). Our solid state
microelectrode results are in agreement with current
knowledge for the biogeochemical cycling of these impor-
tant species during the summer in this marsh (13, 14).

Measurement Validation. The analytical validity of this
microelectrode method has been studied in three ways.
First, the electrode has maintained calibration by the
agreement between standardizations performed before and
after analysis. Second, the integrated value of the Fe profile
in Figure 9 over 2 cm was 2.40 mM whereas the value for
an adjacent 2.0-cm section of sediment was 2.50 mM (<5%
difference). The adjacent core was extracted and analyzed
using the Fe spectrophotometric method of Stookey (48).
Lastly, two profiles taken 5 mm apart in the same vegetated -
core on July 8, 1993 (Figure 10), show close similarity,
indicating sediment homogeneity. We note that the
precision of three replicate voltammograms at each depth
in salt marsh cores is usually 10% or better, although less
precise replicates have been observed. Inharborsediments
devoid of vegetation, precision of three replicate voltam-
mograms at each depth is better than 5%, and in solutions
without sediments, the precision of three replicate volta-
mmograms is better than 1%. These data indicate that
precision is affected by dense and active root mass in
sediments.

To further ascertain the integrity of the results, the
electrode surface is inspected upon removal from all
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FIGURE 10. Two profiles obtained in the same core 5 mm apart and to a depth of 5 mm. 0; and Mn values were determined to be identical,
and the Fe levels are similar in each profile. H,S was not detected at all depths.

sediments and in most cases a film of mercury is still visible
covering the Au surface. In these cases, the calibration
curve sensitivities before and after deployment in the marsh
sediment were usually within 5—10% of the original
electrode, which had a Hg film on the Au surface. In rare
cases, the Hg film was significantly reduced in size due to
the abrasive nature of the marsh samples, although the
dull silver surface of the amalgam was still visible. The Hg
film was removed physically from the Au in only one
instance of 15 marsh cores analyzed, and the peaks of the
analytes shifted to more positive potentials by approxi-
mately 100 mV. The peak shifts may be used as a diagnostic
tool to indicate when the electrode begins to fail.

Conclusions

We have demonstrated that solid-state Au/Hg microelec-
trodes can be used for the measurement of dissolved O,
S(—1II}, Fe, and Mn in marine sediments and waters. The
electrodes can also be applied to freshwater systems with
increased sensitivity over saline systems. The electrodes
show good precision and stability in laboratory solutions
and field samples. We have confidence that the micro-
electrodes are giving valid results for several reasons. The
profiles determined for these redox species in salt marsh
cores are in good agreement with previous studies on these
chemical species; e.g., decreases in O are followed by
increases in H,S at the unvegetated site (Figure 6) [also, Mn
or Fe depending on the season (Figure 7 vs Figure 8) and
the environment (Figures 6—10)]. In addition, there is
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agreement for a given analyte between two profiles in the
same core showing the degree of homogeneity in the core
and between the integrated value from a profile obtained
with the microelectrode when compared with the con-
centration obtained by traditional methods over a similar
depth. The electrodes have provided the first detailed
information on Mn and Fe with O, and H,S at millimeter
vertical resolution. The use of these electrodes in sedi-
mentary and other environments should provide additional
information on the biogeochemical cycling of Fe, Mn, O,
and H,S at (sub)millimeter resolution. In fact, our initial
results indicate that H,0,, iron sulfide, and iron(III) colloids
form in porewaters. Lastly, these electrodes may be able
to measure other metal ions including Cu(Il), Cd(II), Pb-
(IN), and Zn(I) that may be in high concentrations in
polluted environments and other sulfur species such as
thiosulfate. To date, we have not detected Cu(Il), Cd(ID),
Pb(Il), and Zn(II) at natural levels in porewaters.
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