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In soils and sediments, the redox potential (Eh) is an important parameter
controlling the persistence of many organic and inorganic compounds. Especially
in wetlands, fluctuations in redox potential values can be very large and depth
dependent. For this reason, field deployable logging systems have previously been
developed, yet these systems were limited in several aspects. Here we report the
development of an improved multichannel datalogger (HYPNOS) and two novel
probes for continuous monitoring of Eh profiles, and briefly illustrate the
potential applications. The combination of a multichannel logger with different
types of probes allows characterisation of spatial and temporal variability of
redox potential in relation to environmental and ecological parameters, and we
expect this will greatly enhance our knowledge of the functioning of wetlands.
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1. Introduction

In soils and sediments, the redox potential (Eh) is an important parameter controlling the
persistence of many organic and inorganic compounds [1]. The redox potential is a value
for the ability of a medium to take up or release electrons [2]. The redox potential, given
in mV, ranges from approximately +800mV to —600 mV, with lower values for reducing
conditions [3]. Its value can be determined by a precise voltage measurement between
an inert probe, and a reference. In many cases, a pH meter is used, together with a single
platinum-tipped probe and an Ag/AgCl reference probe [4]. Recent research shows that,
especially in wetlands, fluctuations in redox potential values can be very large and
depth dependent [5-7]. Previous work has shown that daily variations of 200mV are not
exceptional and can occur within hours [7]. These short-term variations cannot be
measured using the manual measurement methods.

Seasonal variation is expected to occur in wetlands owing to temperature changes,
different activities of microbiota and variations in the abiotic environment [8,9]. These
variations in time are often overlooked in studies, when the redox potential is only
described by making single-point measurements. Single-point measurements, for instance
by installing one probe at one depth in a wetland soil and performing the measurement
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with a pH meter [4], will give short-term information, but are influenced strongly by local
and temporal conditions. Many authors report about the drifts in Eh measurements [4],
or the significant difficulty in obtaining standardised readings [10].

A solution to these difficulties is to install a permanent measuring device, that can take
automated readings from multiple locations. Also, probes should be used that can be
installed at different depths, at multiple locations. Previously, we developed the datalogger
Hypnos 2.0 for continuous redox potential and temperature measurements. It was
developed to enable measurements at two locations, at various depths in the soil and
sediments without disturbance of the site. The Hypnos 2.0 datalogger was field deployable,
relatively cheap, and run autonomous on batteries [7]. However, critical issues remained
the relative low impedance, limited number of channels, the requirement of a computer
to operate the logger and a lack of probes that could measure differences in redox
potentials at a small (below centimetre) scale.

Here we report the development of an improved multichannel data logger and
complementary novel redox potential probes, and illustrate potential applications under
both natural and laboratory conditions.

2. Experimental
2.1 Datalogger

An overview of the improved datalogger (HYPNOS III) properties is provided in Table 1.
The logger has an impedance for each separated redox channel of over 10 TOhm each,
providing extreme stable measurement conditions and removing any drift from the
measurements. This extreme impedance, the resistance against flow of current, is needed
to remove any influence of the sediment by the probes. With a lower impedance of the
measuring device, a small current can occur between the reference probe and the
measuring probe. Hence, the actual measurement would generate reduction and/or
oxidation processes in the medium under study by alteration of the number of electrons
in the medium. This is also suggested by Rabenhorst [11] who found that redox potentials
are more stable with higher impedances for the measurement channels.

In many cases, the spatial variability of the redox conditions in soils and sediments is
the subject of study. This means that multiple probes will need to be installed and more
loggers will be needed. In these cases, one datalogger can serve as a central measurement

Table 1. Technical properties HYPNOS III.

Property Value Remarks

Redox channels 48

Temperature channels 50 Digital temperatures

Storage medium SD card, RS232 output 1 Gb SD card

Datapoints > 11 million Shared for both redox
and temperature

Impedance per redox channel >1TOhm Necessary for stable

operation and low
battery consumption
Sampling interval 1-60 mins In logical steps




Downloaded by [East Carolina University] at 00:15 20 February 2012

International Journal of Environmental Analytical Chemistry 803

device for a large sampling area if cable lengths to the probes can be large enough.
The cost reduction by using one logger can be large. The maximum cable length for the
HYPNOS datalogger was tested by adding various lengths of cable between the logger
and a probe (probes are described later). The measurements of the redox potential in
standard solutions was not influenced by lengths of up to 100m (data not shown).
Although we did not measure electric induction, we expect that Eh measurements remain
unaffected owing to the high impedance and absence of current for most of the time.

Data collection from the HYPNOS is done by downloading the data on flash memory
(SD cards). These SD cards are easy to replace in all weather conditions, so data can be
safely transported. The use of the SD cards removes the need to connect a laptop to the
datalogger, but also removes the option to program the datalogger with a portable
computer like the previous version. Another option is the RS232 connection, which will
provide raw data during measurement. A user menu was added to the HYPNOS
datalogger, which allows for easy programming. Options that can be set from the menu
include sampling interval and number of redox channels to use. The menu also allows for
easy programming of temperature sensors.

The datalogger can be connected to up to 48 redox sensors and 50 temperature sensors.
Temperature sensors should be included in the measurement as temperature is (a) needed
for full calculation of the redox potential and (b) of potential influence on the soil
processes involved in reduction of soil [12]. The redox potential measurement is performed
by measuring the potential between the inert metal tip, and a reference electrode.
In the presented studies, a Ag/AgCl reference probe QM 710X from Q-I-S was used. This
general-purpose probe is readily available.

All devices are waterproof and electronically autonomous. The datalogger runs on a
9-V battery providing a life span of at least one year at a sampling interval of 6 min (U9VL
by Ultralife).

2.2 Probes

The redox potential is measured with an inert material that can conduct current. It has
to be inert so there is no influence from the environment on the functioning of the probe.
In most cases, the inert metal platinum is chosen. Depending on the probe’s design, also
other inert materials (e.g. gold) can be used. Below two different probe designs will be
described: (a) a fibreglass probe with platinum sensor tips for large scale measurements
under field conditions and (b) a probe made of printed circuit board with gold-plated tips
for small-scale laboratory measurements. Of both probe types, the first applications will be
described.

2.2.1 Deep applications (meter scale)

The first probe design consists of a fibreglass shell, equipped with platinum wire tips that
are partly buried in the fibreglass (PaleoTerra, Amsterdam, The Netherlands) (Figure 1).
The probe has a diameter of 8 mm with a small point at the end. It is very well suited
for deep deployment owing to the strength of the material. Temperature sensors can be
added to the probe (Model DS18B20, +/—0.5°C accuracy from 10°C to 85°C; Dallas
Semiconductor, Dallas, TX). The probe can be extended by adding lengths of fibreglass
or similar material.
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Figure 1. Fibreglass probe design and photographic details. The Pt wire is located on the side of
the probe, lowered into the fibreglass. Average length: 12mm. Temp: Inner temperature sensor.
Not shown: cable connections inside.

Probes should be placed in undisturbed soil. This will minimise the time needed for
readings to become stable. A pushing device is available for placement of the fibreglass
probes (PaleoTerra, Amsterdam, The Netherlands). In that case, the probes need to be
extended in length with the same diameter fibreglass. The extension has been tested to
lengths of 3m. Probes have been placed at depths as great as 15m below surface level.
These great depths require some predrilling of a small diameter hole. The tip of the probe
is still pushed into the soil. This way it is ensured that the deeper soil near the measuring
tip is as undisturbed as possible. After placement, the hole is refilled with original soil
material.

Preliminary results of two different field campaigns will be presented here. First, the
HYPNOS datalogger was installed at site KW12 at the Araihazar village in Bangladesh
[13]. This site (previously described by Radloff et al. [14] as site K240) has a sandy aquifer
with a fluctuating groundwater table. The groundwater table can be as low as 6 m below
surface, or reach surface level during storm events. The site shows a high occurrence of
arsenic (As) species in groundwater and soil. The redox behaviour of the As species is well
described [15] but the local fluctuations in redox potential at greater depths in depth and
time had not been monitored. The HYPNOS system, together with an array of eight
probes at various depths were installed in the spring of 2008. Glass fibre redox probes
were installed to a depth of up to 8 m below surface. The probes were each equipped with
one platinum tip, and one temperature sensor (Figure 1). The probes were extended with
fibreglass, for the depths up to 3m, and with PVC tubing for deeper allocations.

In the second field campaign, fibreglass probes were installed in a site in the Northern
part of the Netherlands, Peizermade. The site consisted of a wet grassland area with local
soil anomalies that are human made and of archaeological importance. The anomalies
consist of a clay soil layer that was deposited on top of natural occurring peat as part
of home building [16]. The redox potential is a proxy for the intrusion of oxygen in the soil
layers and was monitored in order to gain insight in degradation processes of the peat layer
and organic archaeological remains.

Fibreglass probes were installed at depths between 19 and 119 cm below soil surface
in April 2009 and the redox potential was recorded every 15min using a HYPNOS III
logger.
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2.2.2 Shallow applications (millimetre scale)

The second probe was designed to study the variations in redox potential at below
centimetre scales over time, for example to gain insight in biogeochemical processes and
functioning of the top layers of sediments, measurements in and under biofilms, or to
describe redox sensitive processes in the root zone of plants. These types of measurements
require a probe with multiple redox measurement points at distances of about 1mm.
To this purpose we have developed a probe made of printed circuit board with gold-plated
contacts (each 3 x 0.5mm) that can be positioned in any required spatial arrangement.
The first prototype of this microelectrode consisted of eight gold-plated sensortips,
each 1 mm apart (Figure 2). Preliminary evaluation suggests that the microelectrodes
can be used repetitively up to six months before measurements become affected by the
development of an organic coating on the electrodes.

To illustrate the potential use of the microelectrode, we measured changes in the redox
conditions in the top layer of an aquatic sediment induced by biomechanical reworking
of the sediment by the aquatic oligochaete Tubifex spp. To this purpose, organic rich
sediment was collected in the field (to include natural bacterial communities and organic
matter) and transported to the laboratory. The collected sediments were mixed with clean
river sand (ignited quartz; grain size 0.5-1.0mm; ratio 1:5) and homogenised prior to
experimentation. The experimental unit was made of plastic cores (2.5cm diameter) that
were incubated at 20°C under continuous light conditions (40 pmol photonsm2s™") and
overlying water (Dutch Standard Water) was continuously oxygenated. Next to a control,
in which the process of redox stratification in the top 10mm of the sediment was
monitored over a period of 5 days, Tubifex spp. (5 individualscm—2) was added to one
core to rework the sediment. Eh was measured every 15 min.

2.3 Calculations

The redox potential (E;) was calculated by adding the potential from the reference
electrode (E.r) to the measured potential (E,,):

Eh = Em + Eref

3. Results and discussion

From the first applications with the different redox probes developed in this project,
connected to HYPNOS 111, the dynamic behaviour of redox conditions in wetland soils
and sediments becomes evident. Figure 3(a) and 3(b) show the results from the first 2
month-period of measurements at KW12 site in Bangladesh at —2m and —8m below
surface, respectively. These depths represent the two distinct trends in time of the redox
potential at this site. At —2m, the redox potential shows anoxic conditions, with daily
variations of £50mV and larger variations (about 300mV) between months. The
temperature at this depth is increasing over time (Figure 3(a)) and is directly related to the
increase in air temperature at the site (data not shown), but these parameters showed no
relationship with redox potential during the measurement period. At —8 m (Figure 3(b)), it
is striking that the redox potential is higher compared with the redox potential at 2m
depth. It shows oxic conditions, with a slowly decreasing value over time (ca 200mV
decrease). Furthermore, at 8 m below surface, a daily variation in redox potential similar
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Figure 2. Millimetre probe, with photographic details.
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to that in the higher layer is observed. The reason for this behaviour remains speculative
and is subject for further investigation. One possible explanation is the lower solubility of
oxygen and related species at higher temperatures at —2m compared with the deeper
layers. However, the temperatures at —8 m are also relatively high (26°C and above) and
not likely to influence the solubility of the oxygen at that depth. It is also possible that an
increased Eh is a result of introducing oxygen during installation, but this oxygen is likely
to be removed by oxidation processes quickly. Future research efforts should resolve this
issue.
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Figure 3. Redox potential and temperature at 2m and 8 m depth. Note the higher Eh at higher
depths and the daily variation in values. Temperature has been smoothed for clearness.
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Figure 4. Redox potential at five depths in a peatmound (legend indicates measured depths
in centimetres below surface).

In the wet grassland area in the Netherlands (Peizermade), the variations in redox
conditions in the top 120 cm of the soil are two-fold (Figure 4). At —109 cm and below the
soil consists of well-preserved peat, with expected redox conditions of —100 mV and lower.
On top of the peat layer, the soil consists mainly of clay. In this clay layer, a distinct redox
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Figure 5. Changes in redox conditions measured with gold-plated micro redox sensors connected to
HYPNOS III in homogenised organic rich sediments during 5 days after homogenisation in a
control treatment (top) and a treatment in which 35 bioturbating oligochaetes (Tubifex spp.) per cm>
were added (bottom graph). The redox contour plots are based on Eh values measured every 15 min
at eight different depths (0—1 cm).

stratification is measured during the first month of this monitoring campaign, but at the
end of April stratification in the clay layer becomes less as redox potentials at —35 cm were
increased. The daily variation is different at different depths, and ranges from 10mV to
50mV. This variation might be attributable to the local movement of soil water in the
soil layers. Similar to the deep applications described above, also here an inversion of the
vertical redox profile is observed in which redox potential at a certain depth increases.
First results from the measurements at the millimetre scale in the top layer of an
aquatic sediment using the gold-plated microprobes are presented in Figure 5. The contour
plots describe the variations in the redox conditions (with different colours) in a vertical
profile over time, induced by biomechanical reworking of the sediment by the aquatic
oligochaete Tubifex spp. In the control treatment (without bioturbating organisms), the
development of redox stratification is clearly visible: at the start of the experiment, the
sediment is completely homogenised and redox potentials show no vertical profile and
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reflect oxygenised conditions. During 5 days of incubation, oxygen disappears below 3 mm
due to mineralisation of the organic matter, and the sediment becomes stratified with
differences in Eh of 600 mV over a vertical distance of only Smm. The addition of Tubifex
resulted in an enhanced redox potential in the top Smm of the sediment caused by the
increased oxygen penetration. Since many biogeochemical processes are related to changes
in redox conditions, these types of continuous measurements with a high spatial resolution
may be used to serve as an easy-to-measure proxy for the biogeochemical functioning of
sediments.

4. Conclusions

The newly developed HYPNOS datalogger, together with different dedicated probes,
is highly suitable to measure variations in the vertical profile of redox conditions in
wetland soils and sediments over time. A total of 48 extremely stable redox channels allow
measurements of high resolution redox potentials that will provide insight in the dynamic
biogeochemical behaviour of soils and sediments. The newly developed fibreglass probes
with the sturdy tip and platinum contacts, are highly suitable for measurement of redox
potential in deeper layers, while the gold-plated printed circuit board probes allow
measurements at the millimetre scale. Results from three different applications with these
probes have shown that variations in redox conditions occur at different scales in space
(from metres to millimetres) and time (from daily to seasonal variations). It is expected
that the development of the new datalogger and the new set of probes will greatly improve
our knowledge on the functioning of wetlands.
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