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Abstract

A significant need exists for in situ sensors that can measure chemical species
involved in the major processes of primary production (photosynthesis and
chemosynthesis) and respiration. Some key chemical species are O,, nutri-
ents (N and P), micronutrients (metals), pCO,, dissolved inorganic carbon
(DIC), pH, and sulfide. Sensors need to have excellent detection limits, pre-
cision, selectivity, response time, a large dynamic concentration range, low
power consumption, robustness, and less variation of instrument response
with temperature and pressure, as well as be free from fouling problems (bi-
ological, physical, and chemical). Here we review the principles of operation
of most sensors used in marine waters. We also show that some sensors can be
used in several different oceanic environments to detect the target chemical
species, whereas others are useful in only one environment because of various
limitations. Several sensors can be used truly in situ, whereas many others
involve water brought into a flow cell via tubing to the analyzer in the envi-
ronment or aboard ship. Multi-element sensors that measure many chemical
species in the same water mass should be targeted for further development.



Annu. Rev. Marine. Sci. 2009.1. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 10/27/08. For personal use only.

ANRV396-MA01-05

ARI

21 August 2008 22:27

INTRODUCTION

Over the past decade, several reviews have discussed specific individual chemical and/or biolog-
ical sensors needed for ocean observatories with a primary focus on upper ocean processes (e.g.,
Daly et al. 2004, Johnson et al. 2007a, Prien 2007). Real-time information from sensors that can
be deployed for long periods without (bio)fouling will revolutionize our understanding of ocean
processes much as improved telescopes and satellite packages have enhanced our knowledge of the
solar system and beyond. To this end, the National Science Foundation is planning the implemen-
tation of the Ocean Observatories Initiative (OOI), which seeks to further develop the science and
technology needed to establish fixed ocean observing systems capable of continuous data collec-
tion. Reliable and portable sensors are also needed for mobile assets that include gliders, drifters,
autonomous underwater vehicles (AUVs), human occupied vehicles (HOVs), remotely operated
vehicles (ROVs), and autonomous buoys, as well as on ships with conductivity, temperature, depth
(CTD) packages, profilers, inline systems, and pump profilers.

In this review, we discuss chemical sensors that can be used to study processes that occur in the
ocean, including suboxic/anoxic stratified basins and hydrothermal vents. The chemistry described
is driven by physical events such as storms and tides and, more importantly, the biogeochemical
processes of primary production (both photosynthesis and chemosynthesis) and secondary pro-
duction (respiration) using O, and alternate electron acceptors (NO;~, MnQ,, FeOOH, SO4*7).
In addition to O, measurements, the detection and quantification of pCO,, dissolved inorganic
carbon (DIC), pH, nutrients (including N, for N fixation), H, S, and trace metal micronutrients are
essential to better understand spatial and temporal fluctuations in primary productivity. Addition-
ally, the formation of volatile organic compounds (VOC:s) in the water column has direct bearing
on atmospheric processes. Important secondary processes include but are not limited to pollution,
ocean acidification, CaCQOj; dissolution, annamox, methane oxidation, and metal oxidation and
precipitation. As Brandes et al. (2007) pointed out in a recent review, the marine N budget is still
not well known and other element cycles are not fully appreciated. To better constrain element
budgets, more components of each element cycle must be measured more frequently and with
better spatial/vertical resolution. A detection limit (DL) of nanomolar or lower for some analytes
and a precision of better than 0.2% for analytes that are found in significant concentrations are
necessary. Versatile sensors of analytes of interest that are functional in a variety of environments
including extreme ones are highly desirable.

We describe the performance of single-analyte sensors both alone or coupled with other sen-
sors. However, we realize that several single-analyte sensors within a single package often do
not necessarily measure the same water mass depending on environmental conditions. Multian-
alyte sensors that can measure several chemical species simultaneously on the same water mass
are clearly preferred. This simultaneous measurement is critical for systems with large redox or
chemical gradients over short distances, such as sediments and stratified basins, and within dy-
namic systems that change rapidly over short time periods, such as hydrothermal vent waters
emanating from chimneys and diffuse flow sources. Having information on both an oxidant and
a reductant (any two or more reactants or products of a reaction) in the same time and space will
allow researchers to more fully describe chemically and/or microbially driven processes.

Ideally, an in situ device directly measures a chemical species in the environment without
extracting or isolating a sample from its natural surroundings. However, this ideal situation is often
not possible owing to fragile instrument components or specific conditions required for analysis.
Therefore, the use of a membrane or pump to bring samples to the sensing element for analysis
is also considered in situ. The pump can be in close proximity to the sample or the sample can
be pumped from depth to an analyzer aboard ship. It is imperative that the sample does not come
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in contact with the atmosphere, another water mass, or undergo any chemical change in transit
to the sensor (e.g., precipitation of a metal sulfide species as hydrothermal vent water is cooled
to ambient ocean temperature). Frequently this requirement can be addressed by independent
measurements with a direct sensor at the pump inlet for one of the reactive analytes measured.

In addition to uncertainties associated with changing chemical compositions, coupling a sensor
to a pump or membrane can significantly impede instrument response time. The sensor may or
may not require the use of reagents to convert the target analyte into another compound that can
then be detected. Typically, sensors that require reagents to be mixed for final analyte detection
have longer response times and require holding tanks for spent materials to prevent pollution in
the environment under study; thus reagentless sensors are preferred.

Some sensors have significant power and space requirements and are more useful on a package
lowered or powered from a ship, ROV, or HOV. Longer deployments are possible if these sensors
are on a cabled observatory that could provide nearly unlimited power and bandwidth for com-
munication. Other sensors with lower power requirements can be used on a tether or moorings
with limited power from wind or solar sources. The extent to which power requirements and
communication systems/data storage should be weighed depends on a study’s intended timescale
and deployment area. Additionally, factors such as (bio)fouling should also be considered.

We discuss recent advances in chemical sensors and elaborate on multielement sensors and
the types of environments that were not previously given significant attention. Throughout we
attempt to identify the potential and limits of in situ marine chemical sensors by placing emphasis
on temporal and spatial resolution. The latter includes vertical resolution in both sediments and
stratified water columns. In addition to DLs and precision, we discuss selectivity, response time,
power requirements, overall robustness, and the effect of varying physical factors (temperature
and pressure) on instrument response. Marine sediments are not discussed here, because they are
beyond the scope of this review, and recent reviews by Viollier & Rabouille (2003) and Boudreau
& Jorgensen (2001) describe this system. Processes that occur within marine sediments are similar
in nature to those that occur within the water column; however, sensors used in sediments face
the additional challenge of being able to function in sediment without disturbing it.

ANALYTICAL TECHNIQUES

Recently a number of analytical techniques have been adapted for in situ applications, enabling
far greater spatial and temporal resolution relative to conventional methods. The first truly in
situ chemical measurement was performed for salinity in 1961 (Brown & Hamon 1961), which
began the modern age of oceanography (Wangersky 2005), and during this time period the first
autonomous (self-reporting) buoy was proposed. Today it is possible to measure a broad range of
analytes quickly and accurately using a number of different techniques and in some instances with
the same technique. Below are the major classes of analytical tools currently available for in situ
chemical measurements, some of which have been reviewed (Daly etal. 2004, Johnson etal. 2007a,
Prien 2007). Lists of commercially available and independently tested instruments are available
through the Alliance for Coastal Technology (http://www.act-us.info/). We briefly review the
principles of operation of the common sensors used in marine waters.

Electrochemical Techniques

Electrochemical sensors are among the most widely used in situ chemical sensors today. Elec-
trochemical sensors or electrode systems include conductivity (salinity) (Table 1), potentiometry
(e.g., glass pH electrode), amperometry (e.g., Clark-style O, electrode), and voltammetry. Reviews
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of these techniques include those by Luther et al. (2008), Tercier-Waeber & Taillefert (2008),
Taillefert et al. (2000), Hanrahan et al. (2004), and Winkler et al. (2004). Conductivity is well
known and not discussed.

Potentiometry (pH)/ion selective electrodes. Ion selective electrodes (ISEs) have the capabil-
ity of measuring (sub)nanomolar levels of a target analyte (e.g., Bakker & Pretsch 2007, De Marco
et al. 2007). In potentiometry, the difference in potential (AE) between a reference and working
electrode separated by a membrane (e.g., glass for pH) is related to the concentration of a specific
ion of interest. A key for long-term deployments is the stability of the reference electrode, which
must not be allowed to have current pass through it or the AE and hence the concentration will
vary. For cations and anions, many sensors are available. The key is the selectivity of the target an-
alyte in a highly saline environment (Bakker & Pretsch 2007). The Na* and Cl~ concentrations of
seawater generally prevent ISEs for some cations (NH4 ") and anions (NO; ™) from being reliable
sensors at the concentrations (LM to nM) needed. Thus, significant improvements in selectivity
are needed.

Amperometric sensors. Amperometry measures the currentata given applied potential between
a working and a reference electrode (Taillefert & Rozan 2002). Typically this technique has been
used to measure O, with the Clark sensor, which has a membrane to allow O, to pass to the
electrodes and thus prevent other interfering analytes from being measured.

Voltammetry. Voltammetry uses three electrodes (working, counter, and reference). A potential
is applied between the working and reference electrodes as the current is measured between the
counter and working electrodes (Taillefert & Rozan 2002, Rajeshwar & Ibanez 1997). Both current
and applied potential are measured, and the relationship is plotted in the resulting voltammogram
(current versus applied potential). Voltammetry is the most versatile of the electrochemical tech-
niques because it is able to measure the concentration (via the current) of several species (indicated
by the specific applied potential at which a given electrode reaction generates current) in a single
electrochemical experiment or “scan.” Any metal can be used as a working electrode but Hg or
Hg films are used most often.

Optical Methods

To date, UV-visible light (UV-Vis), optodes, infrared (IR), and Raman spectroscopy have been used
to measure a variety of analytes, including dissolved gases, nutrients, and trace metals (Table 1).
Although UV-Vis spectroscopy thus far has been the most versatile for detecting single or multiple
analytes, this technique is most commonly used as a single analyte method unless coupled to flow
injection analyzers (FIA) or autoanalyzers. The different optical techniques are described below.

A major advance in detecting (sub)nanomolar levels of nutrients and metals has been facilitated
by the use of a long pathlength liquid-core waveguide (LCW; also known as a liquid-waveguide-
capillary cell). LCWs operate by confining light within the waveguide by using a material with a
refractive index less than that of water (Byrne & Kaltenbacher 2001). By confining light within a
waveguide, long cell pathlengths can be obtained (>4 m). The theory and application of LCWs
has been reviewed by Dallas & Dasgupta (2004) and Gimbert & Worsfold (2007). This technology
is readily applicable for use with FIAs.

UV-visible spectroscopy. Most nutrient analyzers (N, P, Si) measure the absorbance of UV-Vis
light after reaction of the analyte with a reagent specific to the species of interest. The product

Moore et al.
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of this reaction absorbs light at a known wavelength where there is no interference from other
absorbing species in the system. When the absorbance at only a single wavelength is measured,
this method is termed colorimetry and is based on well-known methods that have been applied
to nutrients, sulfide, and metal analyses (Grasshoff et al. 1983, Parsons et al. 1984). Because
colorimetry requires the treatment of the sample with a reagent, specialized sample introduction
(such as FIA) is required so that a sample can be drawn into the system for reaction. Because
a reagent must be supplied and waste is produced in the process, these methods have limited
applicability to long-term deployments.

The in situ UV spectrophotometer (ISUS; Johnson & Coletti 2002) is the only UV multian-
alyte analyzer presently available. The ISUS functions only in the UV region by using a diode
array detection system, which is capable of simultaneously measuring absorbance over a range
of wavelengths. The ISUS measures the absorbance of UV light by NO;~, NO,™, Br~, I, and
HS™, each of which absorbs UV light at a unique wavelength. This sensor has a fast response time
(seconds). Although the sensor is susceptible to biofouling, it has operated for more than three
months without sensor degradation in estuarine environments (Johnson & Coletti 2002).

Optodes. Optodes (or optrodes) are optical sensors that use indicator dyes mounted in a matrix
or polymer layer. Optodes are commonly used to measure oxygen on a variety of platforms, and
are also used to measure pH and pCO, (Table 1). Fluorescence is excited by a light-emitting
diode (LED) or other light source, and then fluorescence (light emission) measurements are made
by monitoring the changes in either light emission, lifetime of the decay signal, or ratiometric
observations (Amao 2003, Basabe-Desmonts et al. 2007). Fluorescence intensity measurements
suffer from fluctuations in light source intensity, photobleaching, drifts in the optoelectric setup,
and background fluorescence (Gao et al. 2007). Light decay or (lifetime-based) measurement
techniques are more reliable than fluorescence intensity measurements because the fluorescent
lifetime is not affected by the factors that limit intensity measurements, but sophisticated and
expensive equipment is required. Ratiometric techniques use either indicators sensitive to a reagent
at two different wavelengths or the combination of a nonreactive reference dye and an indicator
dye (Gao et al. 2007).

Most optode measurements have focused on single-analyte techniques. Recent lab-based stud-
ies using time domain dual lifetime referencing (td-DLR) have simultaneously measured pH or
pCO, and pO, (Schroeder et al. 2007a,b). pH is sensitive to temperature and ionic strength.
Kraker et al. (2008) used a polarized organic LED light source and a polarized organic photodi-
ode to block excitation light but permit emitted light to the detector to simultaneously monitor
O, and pH. This latter technique is limited to flow-through devices owing to the need for two
polarization filters.

Infrared spectroscopy. IR methodsin the marine environment use the spectral range from 4000—
400 cm~! (Kraft et al. 2003). IR may be used to study the fundamental vibrations of molecules
to identify and quantify a variety of compounds simultaneously. IR active peaks are strongest for
molecules that have a dipole moment, and many organic compounds are susceptible to measure-
ment. Therefore, IR has advantages for both selectivity and sensitivity (Holst & Mizaikoff 2002);
however, normal DLs approach only (sub)micromolar levels.

Transmission and attenuated total reflection (ATR) are employed in IR spectroscopy. Trans-
mission methods are not optimized for working in aqueous solutions. Owing to a broad and strong
water absorption band, the possible transmission path length cannot exceed a few micrometers,
resulting in limited sensitivity (Kraft et al. 2003). Therefore, only ATR transducers have been
applied to the marine environment. ATR uses a property of total internal reflection to generate
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an evanescent wave. A beam of infrared light is passed through the ATR crystal so that it reflects
at least once off of the internal surface in contact with the sample. This reflection forms the
evanescent wave that extends a few micrometers into the sample. Any IR-absorbing molecule in
the evanescent penetration depth layer will absorb energy from the field at specific wavelengths.

Kraft etal. (2003) reported the use of an in situ Fourier Transform IR (FT-IR) system mounted
ona ROV thatutilizes a polymer-coated ATR cell and silver halide (AgX) optic fibers. For detection
of trace analytes, the ATR cell surface was coated with a membrane that selectively enriches the
target analytes while excluding water. A hydrophobic polymer layer (propylene/ethylene copoly-
mer) with a thickness greater than the penetration depth of the evanescent field was added to
the fibers because AgX can be corroded by chloride ions. The hydrophobic polymer film helps
prevent biofouling and increases sensitivity via preconcentration (Kraft et al. 2003). However, the
use of a film results in slow response times (minutes). There is no salinity or turbidity effect, but
the system can operate only down to 300-m depth and within a 3-20°C temperature range (Kraft
etal. 2003).

Raman spectroscopy. Raman spectra are acquired by irradiating samples with a powerful laser
source of monochromatic light in the visible region. If a molecule is Raman active, the target will
scatter a small fraction of the radiation, shifting the wavelength of the incident beam depending
upon the chemical structure of the target. The shift in wavelength is similar in energy to that
in IR spectroscopy, described above. Raman active peaks are strongest for molecules that are
symmetrical and do not have a dipole moment, e.g., homonuclear diatomic molecules, CHy, CO,,
and SO4°~. Thus, Raman spectroscopy can work in water better than IR methods do. The use of
a laser makes Raman analyzers resistant to biofouling; however, these instruments are currently
large and have a high power demand, making them unsuitable for autonomous studies over long
periods of time. To be useful in a broader range of applications DLs will need to be improved for
most analytes.

Mass Spectrometry

Mass spectrometry is an invaluable tool in analytical chemistry, providing elemental, structural,
and isotopic information on a range of environmental species from small, simple molecules to
large biomolecules (Richardson 2001). In mass spectrometry, analytes are introduced to a vacuum,
ionized, separated in space or time by magnetic and/or electronic field(s) according to their mass
to charge ratio (72/z), and finally detected. The inherent sensitivity and nonselective nature of
mass spectrometry make it the most versatile sensor available and an attractive tool for analyzing
samples in situ. Traditional, lab-based mass spectrometers have been converted to shipboard use
by adding a pump for sampling the water (Tortell 2005). Truly in situ mass spectrometers operate
underwater and must maintain a vacuum (<10~° Torr) in a submersible system (Short et al. 1999),
which has been accomplished using membrane-induced mass spectrometry (MIMS), a system that
uses a silicone membrane to allow selective transport of nonpolar species and exclusion of polar
species such as water or salts (Ketola et al. 2002). It is not yet clear how physical factors such
as temperature and pressure affect the diffusion of analytes across the membrane, which makes
quantification difficult (Tortell 2005). Calibration for the pressure effect on the membrane has
been carried out (Bell et al. 2007), and O, measurements performed to a depth of 500 m agree
well with external CTD and oxygen sensors. These systems are being refined to conserve power
and space to make them suitable for a wider range of in situ applications. The NEREUS (novel,
efficient, rapid evaluation of underwater spectra) instrument developed by Camilli & Hemond
(2004) has the double-focusing characteristic of crossed magnetic and electrical fields, which
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provides relatively high mass resolution for a compact mass analyzer size and minimizes power
consumption. Additionally, techniques such as electrospray ionization (ESI) have been considered
for incorporation into an in situ mass spectrometer to detect both polar and nonpolar species
(McMurtry & Smith 2001, Short et al. 2001).

Mass spectrometry has the distinct ability to differentiate between isotopes of the same element.
Presently the detection of low abundance natural isotopes (°N, 1 C, *O, and **S) is not possible
in situ, but more sensitive and higher mass resolution instruments could measure isotopic tracers,
which are essential for understanding global cycling of many elements. Isotopic information could
also provide more definitive data by which to identifiy a chemical species, because many analytes
may have the same m2/z. Kibelka et al. (2004) demonstrate that when resolution is high enough,
MIMS has the unique ability to internally corroborate data with secondary signals and identify
any potentially interfering ions.

Flow Analyzers

Almost any detection system can be coupled into a flow cell and isolated from the environment.
The system can be made autonomous or can be coupled with a pump profiling system (discussed
below). Flow systems have been widely used since the mid 1970s and offer a convenient method to
apply laboratory wet-chemical techniques to in situ studies. Electrochemical flow cells have been
described and used for direct detection without preconcentration for Fe and S species (Luther et al.
2002) and for the detection of trace metals with preconcentration by electrochemical deposition
at a working electrode (Tercier-Waeber & Taillefert 2008).

Although flow analyzers are not truly in situ (because the sample is removed from the envi-
ronment for analysis), they are valuable tools for measuring multiple analytes in a range of en-
vironmental settings by combining several detectors into one analytical package or autoanalyzer.
Advances in microfluidics will help to advance this technique further by making instrumentation
cheaper and reducing the volume of sample and reagent consumed (Gray et al. 2006, Prien 2007).

Flow injection analyzers. Gray etal. (2006) provide a detailed review of different flow injection
techniques and their applications. Flow systems using light detection may require on-line sample
filtration to prevent blockage of light and fouling of the cell. Flow injection analyzers and auto-
analyzers are most commonly used for in situ UV-Vis and colorimetric analyses, because many
laboratory-based methods (Grasshoff et al. 1983) can be readily automated. In situ calibration is
important owing to sensor drift and reagent degradation over time. Changes in salinity and other
changes in sample matrix can also cause changes in sensitivity and must be compensated for in
situ. However, the use of additional reagents limits in situ applications for long-term monitoring
owing to reagent storage and degradation and the need for waste storage.

Pump profiling. Pump profilers operate by pumping water from depth (~400 m) directly to a
shipboard instrument. The pump inlet is typically located on a CTD or other profiler, allowing
for the integration of other measurements commonly performed on a CTD/rosette system. Any
instrument that can analyze samples with inline sample processing can be feasibly used in this
fashion. FIA and multichannel autoanalyzers are particularly useful tools (Codispoti et al. 1991).

OPEN OCEAN

The open ocean (depth >200 m) covers 92% of the sea floor (Sverdrup et al. 1942) and is vital to
the health of the planet even though it is not as locally productive as the coastal ocean. Remote
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sensing and the deployments of drifters have provided a wealth of physical information and O,
data concerning the open ocean (e.g., Riser & Johnson 2008). However, to fully understand
the biogeochemical and abiotic processes (dust flux, air-sea gas exchange) occurring within the
open ocean, we need to monitor O, along with nutrients (NO;~, PO4*~, SiO,), micronutrients
(trace metals), DIC, pCO,, pH, and other dissolved gases (N, N,O, Ar). Presently no single
analytical technique or analytical package can measure all these at the necessary DLs [in some
cases (sub)nanomolar] and precision (Table 1). Spatial resolution and response time are typically
notan issue in open ocean studies, because many processes occurring in these regions are slow and
broad in scale (e.g., figure 2 in Dickey 2003). One exception to this is vertical profiling, because
the rate of descent of a CTD or profiler (which dictates the vertical resolution) will be limited by
the response time of the slowest sensor.

Upper Ocean

Photosynthesis is limited by the depth to which light can penetrate (~100 m) and the availability
of nutrients in oligotrophic regions. Photosynthesis can also be limited by micronutrients such
as iron in high-nutrient, low-chlorophyll (HNLC) regions. Uptake of micronutrients leads to
the biolimiting type profile found in Figure 1. Chemical species with this type of profile are a
challenge to analyze because nanomolar or lower concentrations must be detected to characterize
primary productivity and respiration. Short-lived blooms can occur by the addition of nutrients

Increasing concentration

Y

Solar radiation

<—] Wind-driven
<«— mixing

Surface
mixed layer

Increasing depth

Figure 1

Generalized diagram of nutrient and dissolved gas profiles in the open ocean and the processes affecting
them. Nutrients with a bio-intermediate depth profile (o72nge) are not limiting for biological growth and are
regenerated at depth owing to respiration. Nutrients with a bio-limiting depth profile (red) are limiting for
biological growth. Gases with a dissolved profile (yellow) are near saturation in the surface waters and can be
undersaturated at depth owing to cooler temperatures, which increase gas solubility. Oxygen can be
undersaturated and pCO; enriched owing to consumption/production during respiration. The depth profile
of a short-lived intermediate (grey), such as NO, ~, can be produced during respiration.
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via wind-blown dust, mesoscale eddies (Emerson et al. 2002), or upwelling of nutrient-rich deep
waters to the surface.

Dissolved gases and pH. Gas exchange with the atmosphere is limited to the surface mixed layer,
which can range from 10 m to over 100 m (Montegut et al. 2007). Dissolved gases are involved in a
number of biotic and abiotic processes within the photic zone and with profile shapes indicative of
consumption, production, or conservative behavior (Figure 1). O, and the carbonate system [CO,,
DIC (carbonate alkalinity), and pH] are involved in photosynthesis, respiration, and exchange with
the atmosphere so understanding their dynamics is of great importance. N, and other inert gas
concentrations are controlled mainly by air-sea exchange processes, making them essential for
quantifying abiotic processes. Trace natural gases such as N, O, dimethyl sulfide (DMS), and CHy4
are derived from biotic sources and their meeasurement requires techniques with low DLs. No
sensor is available for CHy at these DLs (Reeburgh 2007).

Oxygen. Perhaps one of the most common in situ oceanographic measurements, next to salinity
and temperature, are measurements of dissolved O,. The reliability of several sensors, especially
Clark-type polarographic and pulsed polargraphic electrodes, has encouraged their routine use,
but slow response times, susceptibility to fouling, and sensor drift can limit their reliability. Oxygen
optodes are becoming increasingly common because they have a faster response time (dependent
on membrane thickness), are stable for long periods of time, and are not affected by depth.
Tengberg et al. (2006) performed a comparative study with gliders and found optodes to be
highly accurate and reliable for more than 20 months. Martini et al. (2007) performed a long-
term study that compared oxygen optodes with Clark-type electrodes in Massachusetts Bay, and
found that both techniques gave comparable results, were susceptible to fouling, and that the
Clark-type electrode consumed 17 times more power than the optode. Other techniques that can
measure O, include voltammetric techniques using Au/Hg microelectrodes, Raman spectroscopy,
and mass spectroscopy. Au/Hg microelectrodes are stable for at least two months, are resistant
to biofouling (Luther et al. 2008, Moore et al. 2007), and have good DLs and precision. Raman
and mass spectroscopy are also very precise multianalyte sensors that can be used to measure O,
(Table 1).

Carbonate system. Thermodynamics dictates the equilibrium relationship between pCO,, DIC,
pH, and total alkalinity (Ar, assuming that At is not changing relative to carbonate alkalinity;
Bellerby etal. 2002). pH indicates the carbonate speciation of DIC, and changes in pCO; will affect
how much CO; is dissolved in seawater and how much carbonic acid is subsequently produced
(higher pCO; will result in a lower pH). The carbonate system is directly involved in biological
processes, because CO; is consumed during primary production and released during respiration.
pCO; in the ocean is increasing owing to increasing concentrations of CO; in the atmosphere,
resulting in a more acidic ocean. For example, Orr et al. (2005) report that pH in the surface ocean
has already dropped by 0.1 pH units since the industrial revolution.

The carbonate system can be characterized by measuring two of the components and calculating
the others. In situ measurements of the carbonate system are generally made by measuring pH and
pCO; in situ, and then calculating DIC and A-. pH has often been measured using potentiometric
microelectrodes; however, these sensors are accurate only to £ 0.01 pH units (Table 1). To match
the required precision of other measurements in the carbonate system as summarized by Seidel
et al. (2007) (£ 1.5umol kg™! for DIC, £ 2.0 umol kg~! for Ar, and £ 1 patm for pCO,), pH
measurements must be an order of magnitude more accurate. Spectrophotometric techniques
using pH-sensitive dyes are now the most precise method for measuring pH and a number of
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these systems have been adapted for in situ use with =+ 0.0004 pH unit precision (e.g., Nakano
et al. 2006, Seidel et al. 2007, Wang et al. 2007). This method is stable for reasonable periods
of time (22 d for the Submersible Autonomous Moored Instrument or SAMI-pH) (Seidel et al.
2007) but has a slow response time (minutes).

pCO; is commonly measured using pH changes determined by using spectrophotometry in
conjunction with a gas-permeable membrane (DeGrandpre et al. 1995; Wang et al. 2003, 2007).
Additionally, MIMS is also capable of measuring pCO, in situ and aboard ship (Tortell 2005).
DIC and Ay can be directly measured by acidifying samples (Byrne et al. 2002, Watanabe et al.
2004), which converts all the DIC to CO, gas. DIC is then measured in the same fashion as pCO,,
and A is measured by comparing the pH of the acidified sample to the predicted pH based upon
the amount of acid added (the difference is equal to the change in pH due to loss of CO,). These
methods require storage of reagents and waste and so they are not as practical for long-term
deployments.

N, and other inert gases. Inert gases are used as tracers of abiotic processes such as diffusive
exchange with the atmosphere, bubble entrainment, and mixing with deep waters (Emerson et al.
2002). The solubility of gases and their rates of exchange across the air/water interface are well
known, making it possible to distinguish abiotic from biological processes with high-precision gas
measurements.

Emerson et al. (2002) monitored changes in pO, and pN, at the Hawaii Ocean Time series
(HOT) station and found they could distinguish between physical processes (shoaling of isopycnals
and/or upwelling, changes in sea surface height due to a cyclonic eddy) and biological processes,
including increases in productivity due to the upwelling of nutrient-rich deep waters. These
measurements were performed using a gas tension device (GTD) in conjunction with an oxygen
sensor. GTDs operate by determining the total gas pressure in water. Because N, and O, are
the dominant dissolved gases in the surface ocean, changes in gas tension are related to changes
in saturation of these gases. pN is calculated from direct O, and GTD measurements and is
highly dependent on the reliability of the O, measurements made. Emerson et al. (2002) found
the most significant error in the system was due to drift in the O, sensors. A shortcoming of
GTDs is the long response time (hours), making them unsuitable for use in many applications.
McNeil et al. (2006) have designed a new GTD than can operate in the surface ocean (up to
300-m depth) with a response time of 2-8 minutes. A hydrostatic response in the upper 9 m of
the water column was detected in the instrument, but could be corrected. Another uncertainty in
using GTD is the nonconservative nature of N,. N, can be produced at depth via denitrification
and can be consumed via N fixation. As with O,, MIMS is capable of measuring multiple dissolved
gases. Measuring Ar and other noble gases allows for a more robust method by which to constrain
abiotic processes (Tortell 2005).

Nutrients and micronutrients. Within the photic zone of the ocean, primary productivity and
other processes that depend upon it are limited by the availability of the essential nutrient or
micronutrient with the lowest concentration. The major nutrients include the labile forms of N
(nitrate, nitrite, ammonia, urea), P (orthophosphate and organic P-species), and Si (silicic acid)
(Daly etal. 2004). Whereas present DLs for major nutrients with existing optical methods are good
for HNLC regions [NO;~, PO,*~, and Si(OH), concentrations greater than 1 uM], oligotrophic
regions, where nM DLs are needed, present a challenge. Traditional UV-Vis techniques coupled
to autoanalyzers and FIA systems have DLs ranging from the tens to hundreds of nM (Table 1),
which is not low enough to be used in oligotrophic waters (see Daly et al. 2004, Estela & Cerda
2005, Gray et al. 2006, Patey et al. 2007, Rimmelin-Maury et al. 2007).
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Detection of Fe and other micronutrients in HNLC regions is even more difficult because
DLs on the scale of tens of pM are needed. At present, there is only one published method for
performing in situ micronutrient analyses and that is for Mn(II), which reacts with a fluorescent
reagent that can then be detected by a zero angle photon spectrometer (ZAPS; Klinkhammer
1994). Other FIA techniques for shipboard measurements (e.g., Bowie et al. 2003, 2006; Johnson
etal. 2007b; Laes etal. 2005) are time and labor intensive, and will require significant refinement if
they are to be used in situ. However, the use of liquid-core waveguides with FIA and colorimetric
detection should be suitable for use within the oligotrophic ocean provided suspended material
can be easily filtered from the sample and a suitable preconcentration method can be developed.

Voltammetric methods have the sensitivity to detect total metal content and metal speciation
with inline methods aboard ship and in situ (Table 1). UV irradiation (power consumer) is
required to break apart metal-organic complexes and make total metal measurements (Colombo
etal. 1997). A gel has been used to prevent metal-complexed material and colloids from reaching
the working electrode and to measure operationally defined “free” metal ions, which are most
bioavailable to primary producers (Tercier et al. 1998). ISEs have also been described in lab
studies for the measurement of free ions, but more work is necessary to make them usable in situ
(De Marco et al. 2007).

Deep Ocean

The deep ocean extends from the bottom of the surface mixed layer/photic zone to the abyssal
plain (~4000 m) with a thickness of more than 11 km in some areas. Processes occurring within
these waters are dependent on inputs from elsewhere, restricting biological activity to secondary
production except for chemosynthesis at environments such as hydrothermal vents (described
below). Understanding the fate of organic matter in the deep ocean is key to understanding the
long-term sequestration of carbon. As organic matter sinks past the photic zone it is consumed via
secondary production, which leads to an increase in dissolved nutrients and pCO; and a potential
decrease in dissolved O,. Because the residence time of the deep ocean ranges from ~200 to
2000 years, short-term temporal studies are not an issue. However, to fully characterize the deep
ocean, sensors must be able to operate at great depths and pressures. Sensors with a rapid response
are preferred when profiling vertically, because the rate of descent and vertical resolution will be
dictated by the slowest sensor. At present many nutrient sensors have appropriate DLs to measure
nutrients at depth, but need to be made more robust to work under pressure. Biofouling will be
less of an issue at depth because there is less biological activity to foul sensors as compared with
the photic zone (Tengberg et al. 2006).

SUBOXIC AND ANOXIC ZONES

Environments that have O, concentrations <3.0 uM and H,S concentrations <1.0 uM are called
suboxic or oxygen minimum zones (Morrison et al. 1999). Those environments with no detectable
oxygen and detectable H,S are termed anoxic zones. These zones are found in highly productive
waters that undergo stratification or that have physical oceanographic regimes that prevent rapid
replacement of a water mass. Suboxic zones can be partially disrupted by lateral injections of
different water masses (Glazer et al. 2006, Konovalov et al. 2003). Stratification is brought about
by differences in densities of shallow and deep waters due to differences in temperature and salinity,
and can prevent these waters from mixing. This stratification leads to chemical zonation within the
water column, with steep gradients in oxidized and reduced species (Figure 2). Sampling across
these gradients requires the ability to measure a number of analytes accurately on a fine vertical
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Figure 2

Generalized diagram of the suboxic and anoxic zones of the Black Sea, modified from Konovalov et al.
(2006) (with permission from Elsevier) and Staley (2007). Profiles in other areas such as the Arabian Sea
would be similar. However, concentrations of analytes will differ; e.g., in the Arabian Sea total dissolved Mn
is <10 nM whereas in the Black Sea total dissolved Mn can be as high as 8 uM. N species can also vary
significantly between systems.

profile (Figure 2). Many of the analytes found within these regions are highly reactive and short
lived, making in situ measurements essential for understanding them.

Suboxic Zones

Suboxic zones are important biogeochemical boundaries where O, becomes physiologically lim-
iting to many microorganisms during organic matter decomposition. In the absence of oxygen,
NO;~ becomes the main electron acceptor for organic matter oxidation and is lost as N, via
denitrification, annamox, and other processes (Figure 2). The upper and lower interfaces of this
zone are important in the cycling of a number of species including NO,~, NHy, N, O, I", Fe, and
Mn. These areas are enriched in N species compared with the surface ocean. At the onset of these
zones, NO; ™ is high in concentration from remineralization, but undergoes a decrease through-
out the zone owing to NO;~ reduction to NO; ™, N, O, and Nj;. Figure 2 shows representative
profiles for a suboxic zone system. As a chemical species decreases, it s critical to have sensors that
have excellent DLs. The analytical needs for suboxic zones are similar to those found in the upper
oligotrophic and deep ocean; i.e., (sub)nanomolar DLs and operation under pressure are required.
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The major requirement for describing the chemical processes occuring with suboxic zones are
lower DLs; ideal DLs are in the nM range. N. Revsbech (personal communication) has shown
that a Double Clark sensor (one sensor reduces the O; in the filling solution of the other to reduce
background currents) can achieve close to 10 nanomolar DL whereas Clement et al. (2008) have
shown that cyclic voltammetry at a Hg drop electrode inline to a pump profiler can achieve
a 100-nM DL. Biofouling will be less of an issue in suboxic zones because O, is limiting for
many organisms that foul sensors in the photic zone. Vertical resolution (meter) is important in
examining suboxic zones because chemical concentrations and speciation can change rapidly at
the oxic and anoxic interfaces and over short distances.

Anoxic Zones

Anoxia may occur depending on stratification of the water column, organic matter loading, and
topography of the basin. Permanent anoxic zones exist in parts of the world ocean (e.g., Cariaco
trench) and in semi-enclosed marine environments (Black Sea and Framvaren fjord). Seasonal
anoxic zones occur in estuaries and inland bays/seas (e.g., Chesapeake Bay and the Baltic Sea).
The depths of anoxic zones can be meters (inland bays and estuaries) to >1000 m for permanent
anoxic basins (Black Sea and Cariaco). In these zones, H,S and NH4* concentrations approach
or exceed mM levels, so sensor DLs are not a problem for those species, but other sensors need
to be stable to H>S and NHy* as interferents as well as to sulfide corrosion.

At the onset of the anoxic zone, S intermediates such as FeS, S(0), S;032~, and S,’>~ exist at
(sub)micromolar levels. Measurement of S species can provide valuable information on whether
the oxidation of sulfide is abiotic or biotic. Reduced metal concentrations increase at the onset of
the anoxic zone owing to reduction of particulate metal oxides. The metals decrease within anoxic
zones as metal sulfide solids are formed. Thus, methods that can measure S intermediates and
reduced metals at (sub)nanomolar levels but not be fouled by sulfide are essential.

COASTAL WATERS

Coastal waters represent a small fraction of the total ocean, but are responsible for the majority
of global primary production owing to elevated nutrient concentrations. High nutrient inputs in
coastal waters from anthropogenic sources have lead to widespread eutrophication and overall
degradation of coastal environments. Nutrient pollution is considered one of the largest global
pollution problems and has led to widespread water quality issues including seasonal anoxia and
an increase in harmful algal blooms (e.g., Glibert et al. 2005).

Chemically, the processes occurring within coastal waters are similar to those described above
for the open ocean and suboxic/anoxic regions. Present sensors for nutrients and micronutrients
have appropriate DLs in most cases. Challenges to sensor technology in these regions come from
the need for high vertical resolution and the continuous monitoring of short- and long-lived events
(daily, storm, tidal, and seasonal). Biofouling is a major challenge (within the coastal region) owing
to the high rates of productivity and the high levels of particulate matter. Physical fouling can also
be significant owing to sediment interferences with sensors (e.g., Martini et al. 2007). However,
coastal regions are readily accessible to vessels of all sizes, making it possible to perform a large
number of short- and long-term studies.

In addition to the major dissolved gases described above, natural and anthropogenic VOCs
are also important for studies in coastal regions. Presently, the best method to monitor VOCs
is MIMS, which has been successfully used to measure DMS, benzene, toluene, and chloroform
in situ (Kibelka et al. 2004, Short et al. 2006). By correlating in situ MIMS data with global
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positioning system (GPS) coordinates, researchers were able to identify and quantifiy chemical
plumes that may occur when chemicals are released from a point source (Kibelka et al. 2004).

HYDROTHERMAL VENTS

Thriving deep-sea communities are often found surrounding hydrothermal vents. Primary pro-
duction in these communities is driven by chemosynthesis, the use of chemical energy instead of
light for carbon fixation. To understand chemosynthesis and other biogeochemical/geochemical
processes at hydrothermal vents, reliable chemical sensors are needed that are capable of mea-
suring sulfide (H,S/HS™), O,, pH, H,, CHy, iron and other metals, and additional sulfur species
such as FeS, polysulfides (S,*7), elemental sulfur (Ss), sulfate (SO427), and thiosulfate (S,O03%7).
Because of the dramatic differences in conditions (namely temperature, pressure, and extreme
chemical conditions) between vent water and surface waters, the need for in situ chemical analysis
is paramount. Sensors employed in hydrothermal vent environments must be able to respond to
rapid changes on small spatial scales, operate under high pressure, and be robust over a range
of temperature and chemical conditions as well as resistant to sulfide fouling and corrosion. The
ability of a chemical sensor to remain effective over time becomes especially difficult in an envi-
ronment that is typically rich with microbes and rapidly depositing minerals. Also, any instrument
deployed for long-term measurements on the ocean floor would have to consume minimal power
because it would be battery powered unless it is connected to a cabled observatory (Daly et al.

2004).

Diffuse Flow Environments

Diffuse flow environments are characterized by temperatures ranging from ambient to ~100°C
and a range of chemical conditions. These areas are of interest owing to the abundance of mi-
croorganisms and macroorganisms that derive their living via chemosynthesis. Researchers have
made significant progress in the development of sensors specifically designed to withstand the
harsh conditions found at hydrothermal vents. Chemical species of interest at diffuse flow sites
include O, H,S and other reduced S species, H,, CHj, and reduced metals. Owing to the highly
variable nature of these settings, reduced (H,S) and oxidized (O,) species often coexist; hence
multianalyte sensors are preferred.

Diffuse flow studies using a device on a submersible were conducted among communities
around hydrothermal vents using FIA-based colorimetric methods for sulfide, silica, and oxygen
(Johnson et al. 1986); sulfide and nitrate/nitrite (Le Bris et al. 2000); and Fe(II) and total Fe
(Sarradin et al. 2005). Each analysis was completed on the order of minutes and with spatial
resolution on the order of decimeters (Le Bris et al. 2000). These sensor systems appeared quite
effective even though precipitation can occur in the FIA tubing if proper precautions are not
taken. Additionally, a pH electrode was developed to describe the habitats of vent fauna (Le Bris
et al. 2001) because pH dictates the speciation and the subsequent bioavailability of several key
chemicals such as (bi)sulfide, pCO,, and metals to vent organisms.

In situ voltammetric measurements from a system on the DSV Alvin have been used at diffuse
flow sites by Luther etal. (2001), primarily to describe the chemistry around vent fauna. Solid-state
Au/Hg voltammetric microelectrodes (Brendel & Luther 1995) were coupled with a thermocouple
to provide quantitative information on a variety of electrochemically active species (Table 1) in
a single electrochemical scan that is achieved in a matter of seconds (Luther et al. 2008). The
instrumentation used in these studies has been modified to operate autonomously, and has been
used to monitor O, and H,S for a period of three days (Luther et al. 2008).
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Presently, no sensors have proven robust enough for long-term (months to years) data collection
in diffuse flow sites, primarily because of power issues. The ability to measure many species with
a single sensor on a very short time scale and centimeter spatial scale is invaluable, because the
sharp chemical gradients and large fluctuations vent fauna routinely experience may not otherwise

be fully realized.

High-Temperature Vents

Hydrothermal vents are important in the global cycling of many chemical species (Edmond et al.
1979) and are a source of reduced materials for chemosynthesizers. For sensors to work in these
environments they must withstand large temperature gradients, high pressures, and a wide range
in chemical conditions, and be resistant to physical fouling (mineral precipitation).

Dingetal. (2001) have developed selective electrodes robust enough for the in situ measurement
of pH, H, and H,S directly in high-temperature hydrothermal vent fluids up to 370°C and 300
bar (Table 1). The three electrodes are packaged together with a thermocouple so that all sensing
elements are within 0.5 cm of each other for simultaneous measurements (Ding & Seyfried 2007).
The electrodes’ materials (zirconia ceramic for the pH electrode, Pt or Au for the H, electrode,
and Ag/Ag;S for the H,S electrode) have proven to be robust enough to withstand the extreme
conditions of vent fluids. A successful two-day deployment of the H, and thermocouple of this
sensing package established its stability and showed promise for longer-term deployments (Ding
& Seyfried 2007). These are significant developments because pH and H, (as a proxy of redox
state) are considered master variables and essential to understanding the lifetime and evolution of
vents. Laboratory studies are ongoing to explore how electrode materials may change over long
time periods under the extreme conditions typical of hydrothermal vents (Ding & Seyfried 2007).

Brine separation occurs in hot hydrothermal vents and gives an indication of the state of the vent.
Larson et al. (2007) have developed a technique for measuring salinity using conductivity. Because
chloride is the main anion in hot vent fluids (sulfate has been consumed during its hydrothermal
reduction to sulfide), conductivity is a good proxy for chloride. The cell, which was used for months
in a hot vent, was designed with four gold electrodes in a ZrO; ceramic housing to overcome the
hot temperatures and corrosion to sulfide.

Raman spectroscopy (Table 1) has recently been developed as a multianalyte sensor at hy-
drothermal vents. A system first reported by Pasteris et al. (2004) was designed for the measure-
ment of sulfate, carbonate, and nitrate in hydrothermal vent fluids. DLs are not very low but
are adequate for sulfate (1.6 mM) at vents. Complicating the Raman analyses is the possibility of
spectral shifts on changes in temperature and pressure; these shifts can be different for each dive
(Brewer et al. 2004). However, a diamond standard placed in the laser path of the deep ocean
Raman in situ spectrometer (DORISS) (Brewer et al. 2004) allows for shift correction. DORISS
has been effectively applied to study sulfate and mineral deposits (White et al. 2005). The power
demands of current Raman systems are too high for them to be effectively used without a large
power source or tether. However, the miniaturization of a commercially available Raman system
has also been tested in simulated hydrothermal vent fluids (Dable et al. 2006) and shows promise.

CONCLUSIONS

In this short review, we have attempted to indicate the methods presently available and necessary
for the measurement in marine waters of dissolved chemical species that are essential for biochem-
ical processes. For the upper ocean and interface regions (oxic/suboxic and suboxic/anoxic), there
is a need to extend DLs for nutrients and micronutrients to (sub)nanomolar levels and increase
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selectivity to natural chemical interferences. For pH and chemical species in higher concentrations
such as dissolved gases, better precision is required to adequately address biochemical processes.
There is a need to measure many chemical species simultaneously in the same water mass, and
more work is needed in this area for a variety of techniques (e.g., IR, Raman, mass spectroscopy,
voltammetry, laser induced breakdown spectroscopy, gas and liquid chromatography). Multiele-
ment methods are particularly good for observing how two or more analytes vary with time. In
dynamic systems such as hydrothermal vents (and rapidly changing interfaces), the response time
of the sensor must be fast (seconds in some instances) to detect analyte variation with time. Power
consumption is a major concern for instruments deployed on moorings and mobile assets, so much
work is needed to miniaturize instrument components to reduce power needs. Sensors must be
robust to withstand extremes in temperatures, pressure, and corrosive chemicals (e.g., H,S) while
operating for longer time intervals.

Clearly there is much work that needs to be done in many areas of sensor development and for
a variety of marine environments. Also, we have not discussed data reduction and management
needs for sensor deployments on observatories.

DISCLOSURE STATEMENT

The authors are not aware of any biases that might be perceived as affecting the objectivity of this
review.

ACKNOWLEDGMENTS

This study was supported by grants from the National Science Foundation (0308398) and the
National Oceanic and Atmospheric Administration Sea Grant Office (NA16RG0162-03). We
thank Sergey Konovalov for help with modifying Figure 2.

LITERATURE CITED

Adornato LR, Kaltenbacher EA, Greenhow DR, Byrne RH. 2007. High-resolution in situ analysis of nitrate
and phosphate in the oligotrophic ocean. Environ. Sci. Technol. 41:4045-52

Amao Y. 2003. Probes and polymers for optical sensing of oxygen. Microchimica Acta 143:1-12

Amman D. 1986. lon-selective microelectrodes: Principles, design and applications. Heidelberg: Springer Verlag

Atkinson MJ, Thomas FIM, Larson N, Terrill E, Morita K, Liu CC. 1995. A microhole potentionstatic oxygen
sensor for oceanic CTDs. Deep-Sea Res. Part I-Oceanogr: Res. Pap. 42:761-71

Bakker E, Pretsch E. 2007. Modern potentiometry. Angew. Chem. Int. Ed. 46:5660-68

Basabe-Desmonts L, Reinhoudt DN, Crego-Calama M. 2007. Design of fluorescent materials for chemical
sensing. Chem. Soc. Rev. 36:993-1017

Baumgartl H, Lubeers DW. 1973. Platinum needle electrodes for polarographic measurement of oxygen and
hydrogen. In Oxygen Supply, ed. M Kessler, pp. 130-36. Munchen: Urban and Schwarzenberg

Bell RJ, Short RT, Van Amerom FHW, Byrne RH. 2007. Calibration of an in situ membrane inlet mass
spectrometer for measurements of dissolved gases and volatile organics in seawater. Environ. Sci. Technol.
41:8123-28

Bellerby RGJ, Olsen A, Johannessen T, Croot P. 2002. A high precision spectrophotometric method for on-
line shipboard seawater pH measurements: the automated marine pH sensor (AMpS). Talanta 56:61-69

Boudreau BP, Jorgensen BB. 2001. The Benthic Boundary Layer: Transport Processes and Biogeochemistry. 404 pp.,
Oxford University Press

Bowie AR, Achterberg EP, Blain S, Boye M, Croot PL, et al. 2003. Shipboard analytical intercomparison of
dissolved iron in surface waters along a north-south transect of the Atlantic Ocean. Mar: Chem. 84:19-34

Moore et al.



Annu. Rev. Marine. Sci. 2009.1. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 10/27/08. For personal use only.

ANRV396-MA01-05 ARI 21 August 2008 22:27

Bowie AR, Achterberg EP, Croot PL, de Baar HJW, Laan P, et al. 2006. A community-wide intercomparison
exercise for the determination of dissolved iron in seawater. Mar: Chem. 98:81-99

BrandesJA, Devol AH, Deutsch C. 2007. New developments in the marine nitrogen cycle. Chenz. Rev. 107:577—
89

Brendel PJ, Luther GW. 1995. Development of a gold amalgam voltammetric microelectrode for the deter-
mination of dissolved Fe, Mn, O, and S(-II) in porewaters of marine and freshwater sediments. Environ.
Sci. Technol. 29:751-61

Brewer PG, Malby G, Pasteris JD, White SN, Peltzer ET, et al. 2004. Development of a laser Raman
spectrometer for deep-ocean science. Deep-Sea Res. Part I-Oceanogr: Res. Pap. 51:739-53

Brown NL, Hamon BV. 1961. An inductive salinometer. Deep-Sea Res. 8:65-75

Byrne RH, Kaltenbacher E. 2001. Use of liquid core waveguides for long pathlength absorbance spectroscopy:
Principles and practice—Comment. Limnol. Oceanogr: 46:740-42

Byrne RH, Liu X, Kaltenbacher EA, Sell K. 2002. Spectrophotometric measurement of total inorganic carbon
in aqueous solutions using a liquid core waveguide. Anal. Chim. Acta 451:221-29

Camilli R, Hemond HF. 2004. NEREUS/Kemonaut, a mobile autonomous underwater mass spectrometer.
TrAC Trends Anal. Chem. 23:307-13

Chapin TP, Jannasch HW, Johnson KS. 2002. In situ osmotic analyzer for the year-long continuous deter-
mination of Fe in hydrothermal systems. Anal. Chim. Acta 463:265-74

Choi MMF, Hawkins P. 2003. Development of an optical hydrogen sulphide sensor. Sens. Actuators B-Chem.
90:211-15

Clement BG, Luther GW III, Tebo BM. 2008. Rapid, oxygen-dependent microbial Mn(II) oxidation kinetics
at sub-micromolar oxygen concentrations in the Black Sea suboxic zone. Geochim. Cosmochim. Acta. In
press

Codispoti LA, Friederich GE, Murray JW, Sakamoto CM. 1991. Chemical variability in the Black-Sea—
Implications of continuous vertical profiles that penetrated the oxic anoxic interface. Deep-Sea Res. Part
A-Oceanogr: Res. Pap. 38:5691-5710

Colombo C, van den Berg CMG, Daniel A. 1997. A flow cell for on-line monitoring of metals in natural
waters by voltammetry with a mercury drop electrode. Anal. Chim. Acta 346:101-11

Dable BK, Love BA, Battaglia TN, Booksh KS, Lilley MD, Marquardt BJ. 2006. Characterization and quan-
titation of a tertiary mixture of salts by Raman spectroscopy in simulated hydrothermal vent fluid. App/.
Spectrosc. 60:773-80

Dallas T, Dasgupta PK. 2004. Light at the end of the tunnel: recent analytical applications of liquid-core
waveguides. TiAC Trends Anal. Chem. 23:385-92

Daly KL, Byrne RH, Dickson AG, Gallager SM, Perry MJ, Tivey MK. 2004. Chemical and biological sensors
for time-series research: Current status and new directions. Mar. Technol. Soc. 7. 38:121-43

de Beer D, Glud A, Epping E, Kuhl M. 1997a. A fast-responding CO; microelectrode for profiling sediments,
microbial mats, and biofilms. Limmnol. Oceanogr. 42:1590-600

de Beer D, Schramm A, Santegoeds CM, Kuhl M. 1997b. A nitrite microsensor for profiling environmental
biofilms. Appl. Environ. Microbiol. 63:973-77

De Marco R, Clarke G, Pejcic B. 2007. Ion-selective electrode potentiometry in environmental analysis.
Electroanalysis 19:1987-2001

DeGrandpre MD, Hammar TR, Smith SP, Sayles FL. 1995. In-situ measurements of seawater pCO5. Limnol.
Oceanogr. 40:969-75

Dickey TD. 2003. Emerging ocean observations for interdisciplinary data assimilation systems. 7. Marine Syst.
40:5-48

Ding K, Seyfried WE. 2007. In situ measurement of pH and dissolved Hj in mid-ocean ridge hydrothermal
fluids at elevated temperatures and pressures. Chem. Rev. 107:601-22

Ding K, Seyfried WE, Tivey MK, Bradley AM. 2001. In situ measurement of dissolved H, and H,S in high-
temperature hydrothermal vent fluids at the Main Endeavour Field, Juan de Fuca Ridge. Earth Planet.
Sci. Lett. 186:417-25

Edmond JM, Measures C, McDuff RE, Chan LH, Collier R, et al. 1979. Ridge crest hydrothermal activity
and the balances of the major and minor elements in the ocean—Galapagos data. Earth Planet. Sci. Lett.
46:1-18

www.annualreviews.org o Marine Chemical Technology and Sensors

III



Annu. Rev. Marine. Sci. 2009.1. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 10/27/08. For personal use only.

ANRV396-MA01-05

ARI

21 August 2008 22:27

I1I2

Emerson S, Stump C, Johnson B, Karl DM. 2002. In situ determination of oxygen and nitrogen dynamics in
the upper ocean. Deep Sea Res. (Part I, Oceanogr: Res. Pap.) 49:941-52

Estela JM, Cerda V. 2005. Flow analysis techniques for phosphorus: An overview. Talanta 66:307-31

Finch MS, Hydes D], Clayson CH, Weigl B, Dakin J, Gwilliam P. 1998. A low power ultra violet spectropho-
tometer for measurement of nitrate in seawater: Introduction, calibration and initial sea trials. Anal. Chim.
Acta 377:167-77

Gao F, Tang L, Dai L, Wang L. 2007. A fluorescence ratiometric nano-pH sensor based on dual-fluorophore-
doped silica nanoparticles. Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 67:517-21

Gimbert L], Worsfold PJ. 2007. Environmental applications of liquid-waveguide-capillary cells coupled with
spectroscopic detection. TrAC Trends Anal. Chem. 26:914-30

Glazer BT, Luther GW, Konovalov SK, Friederich GE, Trouwborst RE, Romanov AS. 2006. Spatial and
temporal variability of the Black Sea suboxic zone. Deep-Sea Res. Part 1I-Top. Stud. Oceanogr: 53:1756

Glibert PM, Seitzinger S, Heil CA, Burkholder JM, Parrow MW, et al. 2005. The role of eutrophication in
the global proliferation of harmful algal blooms: New perspectives and new approaches. Oceanography
18:198-209

Grasshoff K, Ehrhardt M, Kremling K. 1983. Determination of nutrients. Methods Seawater Anal. 2:125-88

Gray S, Hanrahan G, McKelvie I, Tappin A, Tse F, Worsfold P. 2006. Flow analysis techniques for spatial and
temporal measurement of nutrients in aquatic systems. Environ. Chem. 3:3-18

Hanrahan G, Patil DG, Wang J. 2004. Electrochemical sensors for environmental monitoring: Design, de-
velopment and applications. 7. Environ. Monit. 6:657-64

Holst G, Mizaikoft B. 2002. Handbook of Fiber Optic Sensing: Principles and Application. New York: John Wiley
and Sons. 729-49 pp.

Jeroschewski P, Steuckart C, Kuhl M. 1996. An amperometric microsensor for the determination of H,S in
aquatic environments. Anal. Chem. 68:4351-57

Johnson KS, Beehler CL, Sakamotoarnold CM, Childress JJ. 1986. In situ measurements of chemical distri-
butions in a deep-sea hydrothermal vent field. Science 231:1139-41

Johnson KS, Coletti L]. 2002. In situ UV spectrophotometry for high resolution and long-term monitoring
of nitrate, bromide and bisulfide in the ocean. Deep-Sea Res. Part I-Oceanogr: Res. Pap. 49:1291-305

Johnson KS, Needoba JA, Riser SC, Showers WJ. 2007a. Chemical sensor networks for the aquatic environ-
ment. Cherm. Rev. 107:623-40

Johnson KS, Oyle EB, Ruland KB, Oale KC, Offett JM, et al. 2007b. Developing standards for dissolved iron
in seawater. EOS, Trans. Am. Geophys. Union 88:131-32

Ketola RA, Kotiaho T, Cisper ME, Allen TM. 2002. Environmental applications of membrane introduction
mass spectrometry. 7. Mass Spectrom. 37:457-76

Kibelka GPG, Short RT, Toler SK, Edkins JE, Byrne RH. 2004. Field-deployed underwater mass spectrom-
eters for investigations of transient chemical systems. Tilanta 64:961-69

Klinkhammer GP. 1994. Fiber optic spectrometers for in-situ measurements in the oceans—the ZAPS probe.
Mar. Chem. 47:13-20

Konovalov SK, Luther GW, Friederich GE, Nuzzio DB, Tebo BM, et al. 2003. Lateral injection of oxygen
with the Bosporus plume—fingers of oxidizing potential in the Black Sea. Limnol. Oceanogr. 48:2369-76

Konovalov SK, Murray JW, Luther GW, Tebo BM. 2006. Processes controlling the redox budget for the
oxic/anoxic water column of the Black Sea. Deep-Sea Res. 11 53:1817-41

Kraft M, Jakusch M, Karlowatz M, Katzir A, Mizaikoff B. 2003. New frontiers for mid-infrared sensors:
Towards deep sea monitoring with a submarine FT-IR sensor system. Appl. Spectrosc. 57:591-99

Kraker E, Haase A, Lamprecht B, Jakopic G, Konrad C, Kostler S. 2008. Integrated organic electronic based
optochemical sensors using polarization filters. Appl. Phys. Lett. 92:033302

Kuhl M, Steuckart C, Eickert G, Jeroschewski P. 1998. AH, S microsensor for profiling biofilms and sediments:
Application in an acidic lake sediment. Aguat. Microb. Ecol. 15:201-9

Laes A, Vuillemin R, Leilde B, Sarthou G, Bournot-Marec C, Blain S. 2005. Impact of environmental factors
on in situ determination of iron in seawater by flow injection analysis. Mar. Chem. 97:347-56

Larsen LH, Kjaer T, Revsbech NP. 1997. A microscale NO3 ~ biosensor for environmental applications. Anal.
Chem. 69:3527-31

Moore et al.



Annu. Rev. Marine. Sci. 2009.1. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 10/27/08. For personal use only.

ANRV396-MA01-05 ARI 21 August 2008 22:27

Larsen LH, Revsbech NP, Binnerup SJ. 1996. A microsensor for nitrate based on immobilized denitrifying
bacteria. Appl. Environ. Microbiol. 62:1248-51

Larson BI, Olson EJ, Lilley MD. 2007. In situ measurement of dissolved chloride in high temperature hy-
drothermal fluids. Geochim. Cosmochim. Acta 71:2510-23

Le Bris N, Sarradin PM, Birot D, Alayse-Danet AM. 2000. A new chemical analyzer for in situ measurement
of nitrate and total sulfide over hydrothermal vent biological communities. Mar. Chem. 72:1-15

Le Bris N, Sarradin PM, Pennec S. 2001. A new deep-sea probe for in situ pH measurement in the environment
of hydrothermal vent biological communities. Deep-Sea Res. Part I-Oceanogr: Res. Pap. 48:1941-51

Liebsch G, Klimant I, Frank B, Holst G, Wolfbeis OS. 2000. Luminescence lifetime imaging of oxygen, pH,
and carbon dioxide distribution using optical sensors. Appl. Spectrosc. 54:548-59

Lloyd D, Thomas K, Price D, Oneil B, Oliver K, Williams TN. 1996. A membrane-inlet mass spectrometer
miniprobe for the direct simultaneous measurement of multiple gas species with spatial resolution of
1 mm. 7. Microbiol. Methods 25:145-51

Luther GW, Bono A, Taillefert M, Cary SC, Taillefert M, Rozan T 2002. A continuous flow electrochemical
cell for analysis of chemical species and ions at high pressure: laboratory, shipboard and hydrothermal
vent results. In Environmental Electrochemistry: Analyses of Trace Element Biogeochemistry, ed. Anonymous,
pp- 54. Washington, D.C.: American Chemical Society Press

Luther GW, Glazer BT, Ma SF, Trouwborst RE, Moore TS, et al. 2008. Use of voltammetric solid-state
(micro)electrodes for studying biogeochemical processes: Laboratory measurements to real time mea-
surements with an in situ electrochemical analyzer (ISEA). Mar. Chem. 108:221-35

Luther GW, Rozan TF, Taillefert M, Nuzzio DB, Di Meo C, et al. 2001. Chemical speciation drives hy-
drothermal vent ecology. Nature 410:813-16

Martini M, Butman B, Mickelson MJ. 2007. Long-term performance of Aanderaa optodes and Sea-Bird SBE-
43 dissolved-oxygen sensors bottom mounted at 32 m in Massachusetts Bay. 7. Atmos. Oceanic Technol.
24:1924-35

McMurtry GM, Smith SJ. 2001. Mass SURFER: a Low-Power Underwater Mass Spectrometer for Monitoring
Dissolved Gas, Solutes and Large Organic Compounds. Presented at Oceans, Honolulu, HI

McNeil C, D’Asaro E, Johnson B, Horn MI. 2006. A gas tension device with response times of minutes. 7.
Atmos. Ocean. Technol. 23:1539-58

Meyer RL, Kjaer T, Revsbech NP. 2001. Use of NOy~ microsensors to estimate the activity of sediment
nitrification and NOy ™~ consumption along an estuarine salinity, nitrate, and light gradient. Aquat. Microb.
Ecol. 26:181-93

Montegut CD, Mignot J, Lazar A, Cravatte S. 2007. Control of salinity on the mixed layer depth in the world
ocean: 1. General description. 7. Geophys. Res.-Oceans 112:C06011

Moore TS, Nuzzio DB, Deering TW, Taillefert M, Luther GW II1. 2007. Use of voltammetry to monitor O
using Au/Hg electrodes and to control physical sensors on an unattended observatory in the Delaware
Bay. Electroanalysis 19:2110-16

Morrison JM, Codispoti LA, Smith SL, Wishner K, Flagg C, et al. 1999. The oxygen minimum zone in the
Arabian Sea during 1995. Deep-Sea Res. Part 11 46:1903-31

Nakano Y, Kimoto H, Watanabe S, Harada K, Watanabe YW. 2006. Simultaneous vertical measurements of
in situ pH and CO3 in the sea using spectrophotometric profilers. 7. Oceanogr. 62:71-81

Nielsen M, Larsen LH, Jetten MSM, Revsbech NP. 2004. Bacterium-based NO,~ biosensor for environ-
mental applications. Appl. Environ. Microbiol. 70:6551-58

Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, et al. 2005. Anthropogenic ocean acidification over the
twenty-first century and its impact on calcifying organisms. Nature 437:681-86

Parsons TR, Maita Y, Lalli CM. 1984. A Manual of Chemical and Biological Methods for Seawater Analysis.
173 pp., Elsevier: New York

Pasteris JD, Wopenka B, Freeman JJ, Brewer PG, White SN, et al. 2004. Raman spectroscopy in the deep
ocean: Successes and challenges. Appl. Spectrosc. 58:195A-208A

Patey MD, Rijkenberg MJA, Statham PJ, Stinchcombe MC, Achterberg EP, Mowlem M. 2007. Determination
of nitrate and phosphate in seawater at nanomolar concentrations. Tiends Anal. Chem. 27:169-82

Prien RD. 2007. The future of chemical in situ sensors. Mar: Chem. 107:422-32

www.annualreviews.org o Marine Chemical Technology and Sensors

I13



Annu. Rev. Marine. Sci. 2009.1. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 10/27/08. For personal use only.

ANRV396-MA01-05

ARI

21 August 2008 22:27

114

Pringault O, Epping E, Guyoneaud R, Khalili A, Kuhl M. 1999. Dynamics of anoxygenic photosynthesis in
an experimental green sulphur bacteria biofilm. Environ. Microbiol. 1:295-305

Rajeshwar K, Ibanez JG. 1997. Environmental Electrochemistry: Fundamentals and Applications in Pollution Abate-
ment. pp. 83-97. San Diego: Academic Press. 776 pp.

Reeburgh WS. 2007. Oceanic methane biogeochemistry. Chem. Rev. 107:486-513

Revsbech NP. 1989. An oxygen microsensor with a guard cathode. Limmnol. Oceanogr: 34:474-78

Revsbech NP, Nielsen LP, Christensen PB, Sorensen J. 1988. Combined oxygen and nitrous-oxide microsen-
sor for denitrification studies. Appl. Environ. Microbiol. 54:2245-49

Revsbech NP, Ward DM. 1983. Oxygen microelectrode thatis insensitive to medium chemical-composition—
use in an acid microbial mat dominated by cyanidium-caldarium. Appl. Environ. Microbiol. 45:755-59

Richardson SD. 2001. Mass spectrometry in environmental sciences. Chem. Rev. 101:211-54

Rimmelin-Maury P, Moutin T, Queguiner B. 2007. A new method for nanomolar determination of silicic
acid in seawater. Anal. Chim. Acta 587:281-86

Riser SC, Johnson KS. 2008. Net production of oxygen in the subtropical ocean. Nature 451:323-25

Sandford RC, Exenberger A, Worsfold PJ. 2007. Nitrogen cycling in natural waters using in situ, reagentless
UV spectrophotometry with simultaneous determination of nitrate and nitrite. Environ. Sci. Technol.
41:8420-25

Sarradin PM, Le Bris N, Le Gall C, Rodier P. 2005. Fe analysis by the ferrozine method: Adaptation to FIA
towards in situ analysis in hydrothermal environment. Ta/anta 66:1131-38

Schroeder CR, Neurauter G, Klimant I. 2007a. Luminescent dual sensor for time-resolved imaging of pCO,
and pO; in aquatic systems. Microchimica Acta 158:205-18

Schroeder CR, Polerecky L, Klimant I. 2007b. Time-resolved pH/pO; mapping with luminescent hybrid
sensors. Anal. Chem. 79:60-70

Seidel MP, DeGrandpre MD, Dickson AG. 2007. A sensor for in situ indicator-based measurements of
seawater pH. Mar: Chem. 109:18-28

Short RT, Fries DP, Kerr ML, Lembke CE, Toler SK, et al. 2001. Underwater mass spectrometers for in situ
chemical analysis of the hydrosphere. 7. Am. Soc. Mass Spectrom. 12:676-82

Short RT, Fries DP, Toler SK, Lembke CE, Byrne RH. 1999. Development of an underwater mass-
spectrometry system for in situ chemical analysis. Meas. Sci. Technol. 10:1195-201

Short RT, Toler SK, Kibelka GPG, Roa DTR, Bell R], Byrne RH. 2006. Detection and quantification of
chemical plumes using a portable underwater membrane introduction mass spectrometer. 7+:AC Trends
Anal. Chem. 25:637-46

Stahl H, Glud A, Schroder CR, Klimant I, Tengberg A, Glud RN. 2006. Time-resolved pH imaging in marine
sediments with a luminescent planar optode. Limmnol. Oceanogr. Methods 4:336-45

Staley JT. 2007. Probing nitrogen metabolism in the redox gradient of the Black Sea. Proc. Natl. Acad. Sci.
USA 104:6881-82

Sverdrup HU, Johnson MW, Fleming RH. 1942. The Oceans, Their Physics, Chemistry, and General Biology.
New York: Prentice-Hall

Taillefert M, Rozan TF. 2002. Electrochemical methods for the environmental analysis of trace elements.
In Environmental Electrochemistry: Analyses of Trace Element Biogeochemistry. ed. M Taillefert, TF Rozan,
Vol. 1, pp. 2-5. Washington, DC: American Chemical Society. 412 pp.

Taillefert M, Luther GW, Nuzzio DB. 2000. The application of electrochemical tools for in situ measurements
in aquatic systems. Electroanalysis 12:401-12

Tengberg A, Hovdenes ], Andersson HJ, Brocandel O, Diaz R, et al. 2006. Evaluation of a lifetime-based
optode to measure oxygen in aquatic systems. Limnol. Oceanogr. Methods 4:7-17

Tercier-Waeber ML, Pei ], Buffle J, Fiaccabrino GC, Koudelka-Hep M, et al. 2000. A novel voltammetric
probe with individually addressable gel-integrated microsensor arrays for real-time high spatial resolution
concentration profile measurements. Electroanalysis 12:27-34

Tercier-Waeber ML, Taillefert M. 2008. Remote in situ voltammetric techniques to characterize the biogeo-
chemical cycling of trace metals in aquatic systems. 7. Environ. Monit. 10:30-54

Tercier ML, Buffle ], Graziottin F. 1998. Novel voltammetric in-situ profiling system for continuous real-time
monitoring of trace elements in natural waters. Electroanalysis 10:355-63

Moore et al.



Annu. Rev. Marine. Sci. 2009.1. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 10/27/08. For personal use only.

ANRV396-MA01-05 ARI 21 August 2008 22:27

Theberge SM, Luther GW III. 1997. Determination of the electrochemical properties of a soluble aqueous
FeS species present in sulfidic solutions. Aquat. Geochem. 3:191-211

Thomas RC. 1978. lon-sensitive Intracellular Microelectrodes: How to Make and Use Them. New York: Academic

Tortell PD. 2005. Dissolved gas measurements in oceanic waters made by membrane inlet mass spectrometry.
Limmnol. Oceanogr: Methods 3:24-37

Viollier E, Rabouille C, Apitz SE, Breuer E, Chaillou G et al. 2003. Benthic biogeochemistry: state of the art
technologies and guidelines for the future of in situ survey. 7. Exp. Mar. Biol. Ecol. 285-286:5-31

Wang ZA, Cai W], Wang Y, Upchurch BL. 2003. A long pathlength liquid-core waveguide sensor for real-time
pCO; measurements at sea. Mar: Chem. 84:73-84

Wang ZHA, Liu XW, Byrne RH, Wanninkhof R, Bernstein RE, etal. 2007. Simultaneous spectrophotometric
flow-through measurements of pH, carbon dioxide fugacity, and total inorganic carbon in seawater. Anal.
Chim. Acta 596:23-36

Wangersky PJ. 2005. Methods of sampling and analysis and our concepts of ocean dynamics. Sci. Mar. 69:75-84

Watanabe A, Kayanne H, Nozaki K, Kato K, Negishi A, et al. 2004. A rapid, precise potentiometric deter-
mination of total alkalinity in seawater by a newly developed flow-through analyzer designed for coastal
regions. Mar. Chem. 85:75-87

Wenner PG, Bell R], van Amerom FHW, Toler SK, Edkins JE, et al. 2004. Environmental chemical mapping
using an underwater mass spectrometer. 77AC Trends Anal. Chem. 23:288-95

Whalen WJ, Riley J, Nair P. 1967. A microelectrode for measuring intracellular pO,. 7. Appl. Phys. 23:798-801

White SN, Kirkwood W, Sherman A, Brown M, Henthorn R, etal. 2005. Development and deployment of a
precision underwater positioning system for in situ laser Raman spectroscopy in the deep ocean. Deep-Sea
Res. 152(12):2376-89

Wieland A, Kuhl M. 2000. Short-term temperature effects on oxygen and sulfide cycling in a hypersaline
cyanobacterial mat (Solar Lake, Egypt). Mar: Ecol. Prog. Ser. 196:87-102

Winkler S, Rieger L, Saracevic E, Pressl A, Gruber G. 2004. Application of ion-sensitive sensors in water
quality monitoring. Water Sci. Technol. 50:105-14

Zhao PS, Cai WJ. 1997. An improved potentiometric pCO; microelectrode. Anal. Chem. 69:5052-58

www.annualreviews.org o Marine Chemical Technology and Sensors

I1§



