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Abstract
A solid-state Au/Hg voltammetric microelectrode was used to monitor the development of seasonal anoxia in
Delaware coastal bays which have deep holes with stratification. Since fish kills and harmful algal blooms have
occurred over the years here, water circulators were installed in October 2003 to improve water quality. We conducted
in situ determination of temperature, salinity, pH, dissolved O2 and H2S to document the circulators8 function which
was evaluated by comparing in situ data obtained before and after their installation. Stratification at both sites was
similar in 2004 to that in previous years. Furthermore, the circulators did not oxygenate the water column but did
bring some H2S to the surface waters. We found that O2 concentrations in the surface waters and H2S concentrations
in the bottom waters were similar in different years. Thus, the H2S conditions were not abated and water quality was
still a problem.
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1. Introduction

Over the last two decades, electrochemical techniques have
been widely used to measure conductivity and chemical
species in real time in order to study environmental
processes [1 – 4]. However, until the development of the
solid-state Au/Hg (micro)electrode by Brendel and Luther
[5], it was not possible to measure multiple species simulta-
neously and on the same electrode. The solid-state Au/Hg
voltammetric microelectrode can measure rapidly, at the
same time, five of the principal redox species involved in
early diagenesis (O2,Mn2þ, Fe2þ, H2S/HS�, and I�) as well as
FeS and Fe(III) species.
The solid-state Au/Hg microelectrode can be used to

measure the distribution of these redox components in
natural waters [6] and in the porewaters of marine and
freshwater sediments at (sub)millimeter vertical resolution,
as well as temporal changes at any given location or depth.
Voltammetry is a powerful technique because it provides
chemical speciation data (e.g., oxidation state and different
elemental compounds/ions) as well as quantitative data at a
precision of 2% or better on several chemical species in one
scan. Since its development, this electrode has been applied
to study a variety of ecosystems including polluted sites and
water column stratification in lakes, estuaries, inland bays,
the Chesapeake Bay and the Black Sea as well as hydro-
thermal vents [7 – 14].Here we report an example where the
voltammetric microelectrode was used to monitor the
effectiveness of engineering devices applied for the restora-

tion of seasonally anoxic dead end canals inDelawarewhere
fish kills and harmful algal blooms have been occurring for
the last several years [11, 14, 15]. Changes in O2 and H2S
concentrations are on the order of 2 or more orders of
magnitude in this system [11, 14].
The extent of anoxic environments has increased in

shallow coastal and estuarine areas because of nutrient
loading fromanthropogenic activities [16, 17].However, the
ecological importance and economic consequences of
hypoxia and anoxia and how they alter biological commun-
ity structure in the U.S. are still not clearly understood
because of the lack of detail on their actual occurrence and
distribution [14, 18]. During organic matter decomposition,
the microbial community uses electron acceptors (i.e.
oxygen, nitrate, Mn and Fe hydroxides, sulfate, CO2 and
acetate) in a diagenetic sequence to obtain maximal energy
yield for their growth [19]. When O2 is consumed, H2S is
more likely produced in estuarine andmarine environments
because sulfate has much higher concentration than O2 in
seawater. Thus, hypoxia (defined as< 80 mMO2) and anoxia
(defined as 0 mM or nondetectable O2) occur.
Massive juvenile menhaden Brevoortia tyrannus fish kills

have occurred in Delaware inland bays, including Torquay
Canal and Bald Eagle Creek, for many years (Fig. 1). These
man-made canals were dredged for a housing development
during the 1960s. Bottom sediments were used to build the
houses and more than a dozen holes were left at the bottom
of the canals, some ofwhich have a surface area larger than a
football field. The normal water depth of the canals is 2 m

2051

Electroanalysis 19, 2007, No. 19-20, 2051 – 2058 H 2007 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim



with holes of 5.5 m deep. A sill with a depth of 1.4 m
connects Torquay Canal and Bald Eagle Creek. Farmlands
and golf courses in the surrounding area input excess
nutrients into the canals through fresh water run-off.
Because of the restricted water flow, the excess nutrients
can not be flushed out but support primary production
which leads to eutrophication in the canals [14]. Fish kills
were initially suspected to be due to low oxygen but the
production ofH2Swasmore likely. In order to find the cause
for fish kills, the solid-state voltammetric Au/Hg micro-
electrode was used in 2001 to detect dissolved oxygen and
hydrogen sulfide simultaneously in situ [11]. The results
indicate that the water column stratified and seasonal
anoxia developed in late May. H2S was produced in the
bottom waters and accumulated through summer to fall.
When storms came, the water column was overturned and
H2S was released to the surface waters. Because menhaden
are surface dwellers, the release of H2S to surface water was
the cause for menhaden fish kills as H2S is very toxic to
aquatic organisms [20].
When anoxia developed, H2S as well as ammonium and

phosphate were produced fromorganicmatter degradation.

Phosphate was also released from iron hydroxide reduction.
When the water column overturned these N and P nutrients
were brought to surface waters to promote harmful algal
blooms [14, 21]. Fish kills and harmful algal blooms caused
concern among the local residents, environmental organ-
izations and the Delaware state government. In an effort to
prevent further fish kills and restore the degraded environ-
ments, six SolarBee water circulators were installed at sites
with holes in Torquay Canal and Bald Eagle Creek in Oct.
2003. It was anticipated that artificial oxygenation of the
water column could eliminate anoxia via mechanical
aeration (bringing of bottom waters to mix with air at the
surface), which would hopefully disrupt the stable physical
and chemical stratification and then mix the water columns.
From April to September 2004, our solid-state voltam-

metric microelectrode was used on 11 days to monitor the
water quality in situ in TorquayCanal andBaldEagle Creek
to evaluate the effects of the engineering solution andmake
recommendations to other coastal areas which may expe-
rience similar situations.

Fig. 1. Map of Delaware8s Inland Bays (the major land area is to the left and the Atlantic Ocean is on the right with an insert of the
Bald Eagle Creek and Torquay Canal area at the top). The numbers indicate the sites studied, and the dotted lines in the insert indicate
water depths between 2 and 4 m and the dashed lines indicate water depths between 4 and 5.5 m.
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2. Experimental

2.1. Voltammetry

A three-electrode voltammetric system was deployed to
measure in situ dissolvedO2 and sulfide concentrations with
high vertical resolution (�10 cm is possible) and low
detection limits [5, 22]. Sulfide is defined as the sum of
H2S and HS� as per [5], and we refer to it in the rest of the
paper as H2S. This three-electrode voltammetric system
consisted of a solid-state Au/Hg microelectrode encased in
PEEK (polyethyletherketone), a solid-state Ag/AgCl refer-
ence electrode and a Pt counter electrode.
The three-electrode system was mated with an Analytical

Instrument Systems, Inc. model DLK-100A, and controlled
by a laptop computer from a small boat. The voltage scan
range was from�0.1 V to�1.8 Vand the scan rate was 1 V/
s. Linear sweep voltammetry (LSV) was used to determine
O2, and cyclic voltammetry (CV)wasused todetermineH2S.
A potential of �0.9 V was used as the conditioning step to
remove deposited sulfide when H2S existed. Prior to field
work, standardizations for dissolved O2 and H2S were done
in the lab [5, 7]. Precision is typically better than 2% at the
95% confidence limit [5, 10, 23].
Temperature, salinity, pH, dissolvedO2 andH2S datawere

collected biweekly in situ at 6 sites in Torquay Canal and
Bald Eagle Creek. In addition to the O2 and H2S measure-
ments described above, temperature and salinity were
obtained with a YSI-30 T-S meter with a 16 m cable. pH
was measured with a portable Digi-Sense pH meter using a
Sensorex pH electrode with a 6 m cable. The waterproof
wires for the T-S sensor, pH sensor, and the PEEK working
electrodewere tied together, and to a leadweight encased in
plastic. Data were obtained in real time from the surface
(0.2 m) of the water column to the bottom (5.5 m).

Four vertical profiles were conducted at 0, 4, 8 and
12 meters from the location of the circulator at site 2 on each
sampling date to investigate the effectiveness of the
circulator. We only show data collected at 0, 4 and 12 m
away from the circulator from three of our sampling dates.

2.2. Circulators

The SolarBee water circulators [model SB10000 (7-h unit)
and SB 10000V12 (24-h unit), made by Pump System, Inc.]
were solar powered and were 16 ft (4.88 m) in diameter.
They are designed to draw water from the lower depths
through a 36 in (0.91 m) diameter� 8 ft (2.44 m) long
flexible hose for an 11 ft (3.35 m) maximum depth setting
from the surface. For freshwater systems, it was claimed that
in full sunlight, up to 10000 gallons per minute (37854 L/
min) [11356 L/min of direct flow plus 26497 L/min of
induced flow] could turnover and renew the surface of the
reservoir (holes) bymixing photosynthetic and atmospheric
O2 throughout the water column.
Water circulators were initially installed at sites 2 and 4 in

Torquay Canal and sites 6 and 9 in Bald Eagle Creek with
one circulator at each site. Because these circulators were
solar powered, they optimally functioned about 7 hours (7-h
unit) during the day time and stopped working during night.
Basedonour in situ data fromApril to June (Fig. 2A, 3A,B),
seasonal anoxia developed in May and water quality in
Torquay Canal was typically worse than in Bald Eagle
Creek.On June 24, 2004, the circulator at site 9was removed
and placed at site 1, and battery packs (24-h unit) were
added to the circulators at sites 2, 4, and 6 on July 7, so that
they couldoperate during thenighttimeand cloudyweather.

Fig. 2. Surface water O2 concentration comparison at Torquay Canal site 2 and Bald Eagle Creek site 9. Horizontal lines indicate
normal O2 saturation conditions in surface water. Arrows indicate the storm events. A) in 2004, the vertical solid line shows the date that
the 24-h unit was substituted for the 7-h unit at site 2 and the dashed line shows when the 7-h unit was removed from site 9; B) data from
2001 when circulators were not present. Similar data were collected in 2002 and 2003.
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3. Results and Discussion

3.1. Sites

We collected data biweekly for a total of 11 days fromApril
to September in 2004. In situ temperature, salinity, dissolved
O2 and H2S measurements were determined at control sites
(site 1 and 5 with no holes) and sites with deep holes (sites 2,
4, 6 and 9) (Fig. 1). Physical data (temperature and salinity)
show stratification during the summer [14, 24]. Here we
focus on chemical data from sites 2 and 9, which are the
largest holes in Torquay Canal and Bald Eagle Creek,
respectively.

3.2. O2 in the Surface Water

At site 2, O2 concentrations in the surface water (Fig. 2A)
were undersaturated at the circulator among the 11
sampling dates in 2004 except on May 13. Surface water
O2 concentrations were even lower after the 24-h circulator
was installed on July 7. At 12 m away from the circulator,
surface water O2 concentrations were generally higher than
at the circulator but were still below saturation levels except
on May 13 and July 22.
Site 9 surface water (Fig. 2A) was fairly oxygenated in

2004 regardless of the presence of the circulator. Therefore,
the circulator did not have any observable effect on
oxygenating the surface waters at sites 2 and 9. When
compared to 2001 data (Fig. 2B), surface water O2 concen-
trations at site 2 (Fig. 2B) show a similar pattern as found in

Fig. 3. Surface and bottom water H2S concentration comparison at Torquay Canal site 2 and Bald Eagle Creek site 9. Vertical solid
lines show the date that the 24-h unit was substituted for the 7-h unit at site 2 and the dashed line shows the 7-h unit was removed from
site 9 in 2004. Arrows indicate the storm events; A) in surface water at the circulator, 2004; B) in bottom water at the circulator and 12 m
away, 2004; C) in the bottom water, 2001. H2S was not detected in surface waters from 2001 until a storm or wind driven event occurred.
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2004 at 12 m away from the circulator (Fig. 2A). Site 9
surface waters were also well oxygenated in 2001 (Fig. 2B)
as in 2004 (Fig. 2A). The installation of water circulators did
not improve water quality for surface waters in 2004.

3.3. H2S in the Surface Water

The circulators did not aerate the entire water column;
however, they did bring some H2S up to the surface from
May to September (Fig. 3A). At site 2, as high as 55 mMH2S
was measured in the surface water on August 18. The 24-h
unit broughtmoreH2S to the surface water than the 7-h unit
did presumably because it operated longer. A relatively
lower concentration ofH2S in surfacewater onAugust 5was
due to strong density stratification (data not show) on that
sampling date which kept a high concentration of H2S
(290 mM, Fig. 3B) in the bottom water. As the main product
of H2S oxidation, 10 mM elemental S was detected in the
surface water in 2004 [24]. In our previous years of
monitoring (2001 – 2003),H2Swasnotmeasurable in surface
waters unless a storm event mixed the water column [11].

3.4. H2S in the Bottom Water

The release of H2S to surface waters by the circulators did
not significantly decrease the H2S concentrations in bottom
waters at site 2 (Fig. 3B). Bottom H2S concentrations at the
circulator were comparable to those at 12 m away from the
circulator. H2S developed in the bottom waters from mid-
May and decreased in June because of stronger winds in
June. Bottom water H2S built up to even higher concen-
trations after the 24-h unit substituted the 7-h unit. Bottom
H2S concentration levels in 2004 are also similar to 2001 at
site 2 (Fig. 3C).
The circulator did not lower theH2S concentrations in the

bottom waters of site 9 either (Fig. 3B, C). Also, H2S
concentrations in bottom waters at site 9 were higher than
those at site 2 in Torquay Canal in 2004, similar as found in
2001.

3.5. O2 and H2S Water Column Profiles

3.5.1. Site 2

Four vertical profiles were conducted at 0, 4, 8 and 12 meters
from the location of the circulator at site 2 on each sampling
date to investigate the effectiveness of the circulator. We
only show data collected at 0, 4 and 12 m away from the
circulator from three of our sampling dates.
Seasonal anoxia developed inMay even though the water

circulators were already installed. On May 27 (Fig. 4A),
surface O2 concentrations were near 100% saturation
(221 mM) at 4 and 12 m away from the circulator, but were
undersaturated at the circulator with lower O2 concentra-
tion at a depth of 0.2 m than at 0.6 m. O2 decreased to

nondetectable near 1.5 m. H2S was initially detected at
0.6 m. Bottom water H2S was about 140 mM at 4 and 12 m
away from the circulator but lower at the circulator.
On July 8 (Fig. 4B) after batteries were added to thewater

circulator for day-night operation, O2 penetrated down to
5 mas an earlier stormmixed the bottomand surfacewaters.
Less than 70 mM of H2S was detected below 5.2 m at site 2
with a trace amount of H2S detected in the surface water at
the circulator. However, the water column stratified again
on July 22 (Fig. 4C). O2 was supersaturated in surface water
at 4 and 12 maway from the circulator but undersaturated at
the circulator. Below 3 m, O2 was non-detectable and H2S
increased to about 200 mM at 5.2 m, a higher concentration
than found onMay 27. Furthermore, H2S was present in the
entire water column at the circulator with 40 mM H2S
determined in the surface water. Figure 4D shows some in
situ voltammetric scans.
These three days8 data indicate that weather had a

stronger impact on the water column than the circulator.
Strong winds actually mixed the water column prior to July
8, leading to lower O2 concentrations in surface water and
lowerH2S inbottomwater than thoseonMay27asmixingof
waters released H2S to the surface water. The circulator
could not oxygenate the water column at site 2 and
minimally reduced stratification to a depth of about 1 m
and at a radius less than 4 m from the location of the
circulator. Beyond that range, stratification was similar at
distances of 4 m, 8 m and 12 m from the circulator. Even
worse, the water circulator pumped some of the bottom
sulfidic water to the surface water. The oxidation of H2S by
surface water led to lowerO2 concentration at the circulator
for the 0.2 m depth than for the 0.6 m depth. The water
qualitywas better at 12 m than at 0 m from the circulator but
the water column was still stratified at site 2.

3.5.2. Site 9

Similar data were collected near the circulator at site 9. On
May 27, stratification was substantial (Fig. 5A) when the
circulator was present. O2 was supersaturated in the surface
water; however, about 600 mM H2S were detected in the
bottom water although the water circulator (7-h unit) was
working. The circulator was removed from site 9 on June 24.
On July 8, O2 penetrated down to bottom water and only
5 mMH2S was measured at 4.4 m (Fig. 5B) because stronger
winds and a storm in early July mixed the water column. On
July 22, H2S accumulated to a high concentration of 550 mM
(Fig. 5C) again. Chemical stratification was present at site 9
regardless of the presence of the circulator. Again, weather
had a more profound effect on disrupting the stratification
and mixing the water column.
Due to the bottom morphology (holes) of Torquay Canal

and Bald Eagle Creek as well as poor tidal flushing and
water circulation in Torquay Canal, the water masses in
these holes are isolated from reoxygenation with surface
waters during calm weather periods. Thus, the holes in this
system have a great tendency to develop anoxic conditions.
Seasonal stratification and nutrient overloading lead to low
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O2 concentrations in surface waters and the production of
H2S in deep waters.
When stratification occurs, a way to aerate the entire

water column is required tomaintain good water quality for
fish.Mechanical aeration can disrupt the stable thermal and
chemical stratification. Solar powered water circulators can
save costs on electricity; however, if the circulators do not
have enough power to circulate the water mass, stratifica-
tion still can occur. In this work, a storm prior to July 8, 2004
had mixed bottom and surface waters so that O2 penetrated
to >5 m. However, the 24-h circulators could not maintain
O2 throughout the water column.
By comparing data from 2004 and 2001, we found that O2

concentrations in the surfacewaters andH2S concentrations
in the bottom waters were similar. Therefore, water quality
did not improve in 2004. The water circulators were not
powerful enough to effectively circulate the deep water to
the surface because of the vast volume of sulfidic water in
the hole. Density stratification also prevented the lighter

oxygenated surface water from going down to deeper depth
to form a circulation cycle. H2S is still a problem in Torquay
Canal and Bald Eagle Creek. Fish kills occurred in Torquay
Canal in 2003, 2004 and 2005 [25]. To date, engineering
devices have not succeeded in correcting the anoxia prob-
lems in these areas. The homeowners with the assistance
from The Center for the Inland Bays (CIB) and Delaware
Department of Natural Resources and Environmental
Control and Delaware National Estuarine Research Re-
serve (DNREC) contracted with Pumps Systems Inc. to
install the circulators. They were all disappointed that this
engineering solution did not enhance the health of Torquay
Canal and Bald Eagle Creek.

4. Conclusions

Voltammetry can be used to assess the health of an
ecosystem and can contribute to solving environmental

Fig. 4. O2 and H2S concentrations at 0, 4, 12 m away from the circulator at Torquay Canal site 2 on May 27, 2004 (A), July 8, 2004 (B),
and July 22, 2004 (C); D) some voltammetric scans (raw data, not smoothed) at different depths on May 27, 2004 (solid gray line: O2 only
at 0.6 m depth at the circulator; solid black line: O2 and H2S coexist at 0.9 m depth at 4 m away from the circulator; dotted line: H2S only
at 2.0 m depth at the circulator. The H2S signal is the sum of H2S and HS� [5]).
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problems. A solid-state Au/Hg voltammetric microelec-
trode was used to monitor seasonal anoxia in tributaries of
the Delaware Inland Bays. This analytical technique has
great advantage in real time sampling as it has high precision
(2%), is very durable in the field and can be used in turbid
waters where optical sensors have difficulty operating.
MeasuredO2 andH2S changes varied by 2 ormore orders of
magnitude in this study.
Physical processes (such as wind and tidal movement,

fresh water run off) and biogeochemical processes can
influence the intensity of hypoxia and anoxia. In situ real
time measurements of O2, H2S and other redox species are
essential to evaluate the effects of hypoxia and anoxia on
bottom and surface-dwelling organisms. Restoration efforts
need to obtain solid scientific data to understand natural
habitats. Incorporation of proper analytical data and science
into restoration planning can refine restoration strategies so
that they can succeed when limited funds are available.
Quality analytical data provide insights into the processes
that control both restored and natural environments. A
comprehensive scientific database is fundamental to the

development of planning and management programs to
protect our coastal resources.
A potential long-term solution to this problem is to

remove the sill in this ecosystem, and fill the holes so the
waterway has a constant depth of about 2 m (the apparent
mixedwater depth in the absence of strong physical forcing).
The fill sediment should be iron-rich to react with H2S to
form pyrite, which would precipitate the sulfide in the
sediments during summer. Water circulators may be useful
for adding atmospheric O2 to the water in summer after the
holes are filled. TorquayCanal andBaldEagleCreek should
provide an ideal site to study restoration processes in dead
end canals found in many estuarine environments.
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Fig. 5. O2 and H2S concentrations at the circulator at Bald Eagle Creek site 9 in 2004. A) on May 27; B) on July 8; C) on July 22.
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