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Abstract of the Dissertation

Dissolved Manganese in Bioturbated Marine Sediments:
a Multi-Dimensional Characterization
by
Jaime Patricio Soto Neira

Doctor of Philosophy

in
Marine and Atmospheric Science
Stony Brook University

2015

Manganese is widely distributed on Earth and is essential for almost all living organisms.

It is a redox reactive metal and under natural conditions is commonly present as Mn(I1), Mn(l11),
and Mn(IV). In marine environments, Mn is involved in a diverse set of organic and inorganic
reactions, including use by phytoplankton as a micronutrient in the photic zone, as a shield
against oxygen by anaerobic microorganisms, as well as an electron acceptor during organic
matter remineralization by microbes in sedimentary deposits under suboxic conditions. Thus,
manganese is directly linked to carbon, nitrogen and sulfur cycles by participating in the
formation, preservation and remineralization of organic matter, as well as in the sequestration,
remobilization, and transport of trace metals.

Measuring the concentrations of dissolved manganese in marine sedimentary environments
is challenging. Chemical speciation of this element, adsorption and desorption processes,

complexation with both organic and inorganic ligands, and physical reworking of sedimentary



deposits by macrofaunal activities, generate highly complex distributional patterns for Mn in
space and time, which traditional one-dimensional analytical methods fail to resolve. For this
reason, this research focused on both the development and use of a planar optode, with
capabilities of measuring two- and three-dimensional distributions of dissolved manganese (Mn
I1) in marine pore waters. These multi-dimensional measurements provided a complement for
the already available techniques to further elucidate Mn cycling and associated biogeochemical

processes in the heterogeneous bioturbated zone of marine deposits.

This study followed a sequential three-stages approach for developing a planar optode to
measure Mn(ll) and using it to characterize Mn distribution patterns in marine sedimentary
deposits. The first stage involved the identification of the complex formed by the metallation
reaction of 4,4°,4°* 4>’-(Porphine-5,10,15, 20-tetrayl) tetrakis (benzenesulfonic acid) with
cadmium (Cd-TSPP) as a suitable chemical indicator for Mn(ll), and its application in a wet-
chemical spectrophotometric method for the detection of Mn(Il) in marine pore waters. The
second stage included the development of a planar transparent optical sensor film (planar optode)
that is suitable for two-dimensional measurement in marine sedimentary deposits by
immobilizing Cd-TSPP in a modified polyurethane matrix. The third stage involved the
validation and use of the developed planar optode for 2- and 3-dimensional measurements of
Mn(Il) in marine sediments. Validation was performed by deploying membranes with traditional
1-dimensional techniques for Mn to compare results provided by both approaches under the
same conditions of sampling; while applications of the sensor included Mn(l1) flux estimations
across the water sediment interface and deeper sediments, as well as, simultaneous deployment
of manganese sensors with 2-dimensional planar optode for ferrous iron measurements, and

basic 3-dimensional tomographic reconstructions. This allowed the elucidation of the effect of



bioturbation spatially and the visualization of the effect of changes in the overlying water oxygen
regimes on Mn(Il) and Fe(ll) fluxes across the sediment water interface. Planar optodes are
deployed during both incubation experiments and in situ, by using a submersible hyperspectral

imaging system.

The results of this study yielded novel information about how natural processes such as
bioturbation and/or changes in oxygen regimes affect spatial and temporal distributions of
dissolved species of redox sensitive metals in marine bioperturbed sediments, with consequent
changes in magnitude for fluxes of the elements across the sediment-water interface. In
particular, they provides an insight into how Mn(l1) fluxes develop and migrate from deeper
sediments to the surface under simulated hypoxic events; these incubation experiments showed
how active and complex biogeochemical cycling of redox elements are in those regions and built
a basis for in-situ characterizations of this phenomena in coastal areas (e.g. oxygen minimum
zones). Additionally, the 1-, 2- and 3-dimensional sensing schemes developed during this work
represent an expansion of our analytical capabilities, provide a new perspective for the study of
redox sensitive metal cycling in marine sedimentary deposits, and open new questions about the
interactions between metals and other natural processes and their contribution to the global

biogeochemistry.
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Chapter 1:

Introduction and Background



1 Introduction and Background

Manganese is essential for almost all living organisms. It is widely distributed in both
terrestrial and marine environments and involved in various biological, physical and chemical
processes. Its role in marine environments includes a diverse set of organic and inorganic
reactions. Used by phytoplankton as micronutrient and/or during redox reactions by microbes in
sedimentary environments, manganese is directly linked to carbon, nitrogen and sulfur cycles in
the formation, preservation and remineralization of organic molecules (Froelich et al., 1979).

Mn also plays a role in trace metal sequestration, remobilization, and transport. Metal ions can
be adsorbed by oxidized manganese on particle surfaces in oxic environments and transported to
the seafloor by sinking particles, or relocated by sediment reworking where they can be buried or
released when manganese is dissolved under anoxic conditions (Murray, 1975; Murray et al.,

1984; Stumm and Morgan, 1996; Miyata et al., 2007a,b).

1.1 Inorganic and organic chemistry of manganese in marine sediments

Manganese has multiple oxidation states, of which Mn(l1), Mn(l11) and Mn(1V)
predominate in marine environments. Transition from one oxidation state to another depends on
both inorganically and biologically mediated reactions. Reduced Mn(ll) is thermodynamically
favored in anoxic conditions, forming several soluble salts, insoluble carbonates and phosphate
minerals (Nealson et al., 1988), while in oxic environments, manganese is present as solid
Mn(1V) oxides and Mn(l11) oxyhydroxides.

The rates of abiogenic oxidation of manganese at circumneutral pH are slow because of

high activation energy, but rates increase at high pH. Abiogenic reduction of manganese can be



carried out by several organic and inorganic species such as Fe(ll), nitrite, sulfide, pyruvate, etc.
(e.g. Kessick and Thompson, 1974; Postma, 1985; Stone, 1987; Burdige et al., 1992; Bartlett
and James, 1993).

Differences between reduced and oxidized manganese result in a cyclic redox process in
sediments, where, in general terms, a sinking solid with oxidized forms of manganese are
enriched on the surface, are eventually buried by deposition of new particles. Under anoxic
conditions, manganese oxides are used by microbes as electron acceptors during organic matter
remineralization (Figure 1.1), reducing them to dissolved forms (Mn(ll) or Mn(l1l) as suggested
by Madison et al., 2011). Dissolved Mn is redistributed by diffusive and/or advective processes
depending on sedimentary structures and forces; some pathways will drive dissolved Mn to reach
equilibrium with carbonate phases and be buried (Middelburg et al., 1987), or reach oxic
conditions where it will be re-oxidized to Mn(l11) and Mn(IV) forms (Sundby and Silverberg,
1985). Aller (1980) and Canfield et al. (1993) showed this cycle could be experienced several
times by the same manganese pool before ultimate burial, with estimated turnover times of
months for manganese in excess of background levels in the upper 5 cm of sediment.

In an idealized non-perturbed steady-state sedimentary environment overlain by oxic
waters, dissolved and solid manganese phases profiles follow a classically described redox
pattern (Figure 1.2). Across the first centimeters from the surface, dissolved Mn(Il)
concentrations are close to zero, or undetectable, while solid phases reflect Mn supply from
sinking material in the water column. Mn (I1) transported from deeper to shallower oxic
sediments is reoxidized, generating a peak in solid phase Mn. Below the redoxcline, Mn (1)
concentrations increase via microbial reduction of oxidized phases, but Mn(ll) is depleted in

deeper sediments due to removal by precipitation.



Adding nitrogen and sulfur species to the above depicted manganese cycle increases its
complexity since Mn(l1) production can increase due to reaction of NH4* (eq. 2), FeS (eqg. 3), S°
(eqg. 4) and HS" (eq. 5) with Mn (111, 1V) (Burdige et al.,1992; Luther et al.,1997; Hulth et al.,
1999; Luther and Popp, 2002) , or decrease due to the reaction of NO3z™ with Mn(I1) in suboxic
environments (eq. 6) (Aller, 1990; Murray et al., 1995; Anschutz et al., 2000). These pathways
are summarized in Figure 1.1A. Reactions such as ammonium oxidation to dinitrogen in anoxic
conditions, or to nitrate in oxic sediments, could have direct implications for our understanding
of biogeochemical cycles in marine sediments. These reactions have been observed in natural
sedimentary environments such as the hemipelagic Panama Basin (Aller et al., 1998), fjords
(Deflandre et al., 2002) and the Eastern Atlantic (Anschutz et al., 2002), as well as during
incubation experiments (Hulth et al., 1999; Anschutz et al., 2005; Javanaud et al., 2011).
Nevertheless, evidence for the absence of these reactions has been found in similar environments
(Thamdrup and Dalsgaard, 2000; Engstrom et al., 2005; Bartlett et al., 2007). Sedimentary
perturbation is the common condition in all the sites where ammonium oxidation involving
manganese oxide has been reported. Therefore, Bartlett et al. (2008) suggest that the chemical
imbalance produced by redistribution of manganese oxides during physical perturbation of
sediments is the crucial condition to trigger this reaction, relegating the concentration of oxides

as such to second place.



% CH,0+ 3/2 CO; + %2 H,0 + MnO, — Mn(Il) +2 HCO3z™  ; AGR pH 7and 8= -190

(eqg. 1)

4 MnO; + NH* +6 H* — 4 Mn(I) + NOz+ 5 H,O  ; AGrpH7=-175 AGrpHe= -141

(eg. 2)

5/8 FeS + 4 MnO; + NH* +7 H* — % N, + 4 Mn(I1) + 5/8 SO4 » +5/8 Fe(Il) + 11/2 H20 ; AGrpn7= -175

AGR pH 8= -141 (eq 3)

413 H* + MnO; + 1/3 S° — Mn(Il) +1/3 SO +2/3 H20; AGrpn7=-157 AGrpns= -147

(eq. 4)

HS + MnO; + 3H* — MH(H) +S0 +2 H20 ; AGr pH7= -136 AGr pH 8= -119

(eqg.5)

5/2 Mn(Il) + NO3™ +2 H20 — 5/2 MnO2 + Y2 N2 + 4 HY ; AGrpH7=-48.9 AGrpne=-71.4

(eq. 6)

450 + 4H,0 — 3H,S + 5042’ +2H* ; AGoy pH7 = 41

(eq. 7)

3H2S + 2FeOOH — S° +2FeS +4H;0
(eq. 8)

(from Hulth et al., 1999 and Thamdrup et al.,1994; AGy and AGr are in kJ mol™)

The link between the sulfur cycle in marine sediments and manganese oxides depends on

the endergonic nature of elemental sulfur disproportionation reactions (eq.7). The AGo' of 41 kJ



mol is associated with the bacteria-mediated conversion of elemental sulfur to sulfides (e.g. FeS
or H2S), and sulfate, and is highly dependent on sulfide concentrations (Canfield and Thamdrup,
1994). Since sulfides are scavenged by reaction with iron and manganese oxides, forming FeS or
elemental sulfur (eq. 5 and 8) (Aller and Rude, 1988; Canfield et al., 1993; Canfield and
Thamdrup, 1994; Aller, 1994; Schippers and Jorgensen, 2001; Béttcher and Thamdrup, 2001),
the presence of these oxides in anoxic sediments would enhance bacterial disproportionation.
Since bacterial sulfate reduction has been reported to account for at least 50% of organic
matter remineralization in coastal sediments, and disproportionating bacteria have been reported
as abundant and widely distributed in this environment (Jorgensen., 1982; Canfield et al., 1993;
Thamdrup et al., 1993; Canfield and Thamdrup, 1994), the roles of manganese and iron oxides in

carbon, nitrogen and sulfur cycles probably have been underestimated.

1.2 Role of microbial and macrobenthic organisms in the marine sedimentary manganese

cycle.

Microbial activity plays a key role in the marine cycle of manganese. Reduction of
Mn(111) and Mn(1V) to dissolved Mn(ll) by microbes during organic matter remineralization in
anoxic marine sediments is a widely accepted reaction (Lovley, 1991; Nealson and Myers,
1992). Furthermore, several studies suggest the biological nature of manganese oxidation since a
diverse group of organisms, including bacteria and their spores (Johnston and Kipphut,1988;
Myers and Nealson, 1988; Bratina et al., 1998; Francis et al., 2001; 2002; Chen et al., 2003;
Bargar et al., 2005; Miyata et al., 2007a,b), fungi (by presence of manganese peroxidase) (Costa
Bonugli-Santos et al., 2010) and microalgae (Marshall et al.,1979) that have manganese

oxidizing or reducing capabilities have been isolated from natural marine environments.
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Moreover, bacterial manganese oxide formation could not only be a residual of metabolic
processes of these organisms, but also a protective shield against predation or pollution by
coating the microbes’ surface (Parikh et al., 2005; Tebo et al., 2005), as well, a way of turning
humic substances into “edible” low molecular weight molecules (Sunda et al., 1994).

It remains unclear if extracellular bacterial manganese oxides are produced by consuming
Mn or if they are related to intracellular/extracellular mechanisms for scavenging harmful
reactive oxygen species during Mn(I11) and Mn(1V) formation (Tebo et al., 2005). However,
multicopper oxidase-like enzymes have been reported as a possible mechanism for bacterial
Mn(111) and Mn(1V) production (e.g. Ehrlich, 1968, 1983; Jung et al.,1979; Okazaki, 1997). In a
similar fashion, how fungi oxidize manganese is still unknown. Miyata et al. (2004) found a 54-
kDa extracellular protein with Mn(ll) oxidizing capabilities in Acremonium-like hyphomycete
cultures, suggesting the participation of lactase and/or multicopper oxidase (MCO) in this
reaction. Furthermore, heme-containing Mn peroxidase has been reported as an alternative
Mn(I1) oxidizing agent to MCO-like proteins. This non-specific oxidoreductase provides lignin
degradation capabilities to fungal species (Glenn et al., 1983; Kuwahara et al., 1984). Manganese
peroxidase has been reported for marine coastal sediments (e.g. Bonugli-Santos et al., 2010), but
there are no studies quantifying its role in the marine manganese cycle.

Spatial distributions of manganese species in marine deposits are highly influenced by
physically and biologically mediated sediment reworking. Macrobenthic organisms build
sedimentary structures as a consequence of feeding, burrowing, secretion and excretion
processes (e.g. Figure 1.3A), altering the assumed vertically stratified concentration profiles of
electron acceptors produced by sequential use during organic matter remineralization or

inorganic reactions in steady state sedimentary deposits (Aller, 1982).



Pore water composition is altered by macrobenthic animal activities such as feeding and
burrowing, which increases the bidirectional sediment/water exchange between surface and
deeper sediments, with the eventual input of oxygen and nutrients into the deposit and release of
reduced species to overlying waters. Furthermore, worm tubes may act as a “piping” system for
both gas and liquid exchange (e.g. Figure 1.3B). In addition, physical perturbation of sediments
is carried out by macrobenthic animals. A closed cyclic particle transportation pattern between
superficial and deeper sediments surrounding a single animal burrow has been reported, where
an animal of a given size removes particles from deeper sediments during feeding and deposits
them at the surface, where they are later buried by new material deposition (Rhoads, 1974; Aller
and Dodge, 1974; Amiard-Triquet, 1974). This apparently simple process could be a building
block to construct complex patterns of sedimentary reworking. Interconnections between
individual particle fluxes from activities carried out by different animal species with
heterogeneous size distributions and/or life stages and that live contiguously in the same area,
could generate intricate sedimentary structures, with the consequent alteration in solid phase
manganese distribution (Figure 1.3A, 1.3B). Gilbert et al. (2003) developed a novel technique to
evaluate two-dimensional particle reworking in bioturbated sedimentary deposits by using
luminophores as tracers of particle motion and computerizing image segmentation for motion
detection and quantification. They found non-local mixing patterns in the particle reworking
generated by Amphiura filiformes, as well as a general trend toward internal homogenization at
longer time scales in the sedimentary deposit. These findings illustrate how benthic macrofaunal
activities may modify boundaries of geochemical regions defined by the electron acceptors
driving organic matter remineralization, as well as how these activities may generate apparently

homogeneous sedimentary deposits from highly reworked sediments. Along with this process,



secretion and excretion of organic compounds such as mucus and fecal pellets by benthic macro
fauna, modifies granulometry and sedimentary structures by forming aggregates (Aller, 1982).

Thus, bioperturbed marine sedimentary deposits are highly dynamic and complex systems.

1.3 Manganese detection in marine sediments.

There are several analytical alternatives to quantify dissolved and solid phases of
manganese in marine sediments. The most common methods are spectrophotometry, X-ray
fluorescence, atomic absorption spectrometry and electroanalytical methods. During the last
decade, improvements in accuracy and eliminating interference have been developed for all these
methods (e.g. Chiswell et al.,1990; Crompton, 2006).

Spectrophotometric methods have been extensively used in marine sciences because of
their simplicity, reliability, and accuracy, as well as their relatively low cost compared to other
available techniques. Several variants to quantify dissolved Mn in marine environment have been
reviewed extensively by Chiswell et al. (1990), covering a wide range of reagents, detection
levels, operational pH ranges, interference issues, and advantages for each method.
Formaldoxime, permanganate and pyridylazonaphthol are considered to be the most commonly
used reagents for Mn detection in marine pore water, being the first the most commonly used
(Marczenko, 1986).

Dioximes have been used as chemical indicator for several metal ions. For colorimetric
determinations of Mn(l1), formaldoxime alone provides an adequate dynamic range (0-3 pg/L),
making unnecessary other dioximes that provide reliable measurements only in the mg/L range.

In addition, the manganese-formaldoxime complex is very stable and stays unaltered in the



presence of compounds such as tartrate and oxalate. Nevertheless, its sensitivity has been
reported as insufficient for quantification below 100 pg/L (Kastelan-Macan et al., 1987).

Azo dyes have also been extensively used as indicators for Mn(l1) determination. Their
general structure consists of terdentate ligands with phenolic groups and nitrogen atoms in
aromatic heterocycles or amines. Although these indicators are insoluble in water, limiting their
application, their solubility can be improved by adding non-chelating hydroxyl or sulphonic acid
functional groups. The most representative indicator among the azo dyes is 1-(2’-pyridylazo)-2-
naphtol (PAN) (Cheng and Bray, 1955). This indicator requires accurate pH control and the
inclusion of masking agents, such as cyanide, then providing reliable measurements up to 2
mg/L. However, the ligand and complex absorbance peaks overlap when the analyte is below
100 pg/L (O’Halloran et al, 1986; Chiswell et al, 1987). Several variations of PAN have being
developed for Mn(l1) quantification with some success: 4-(2’-Pyridylazo)resorcinol (PAR)
(Liu,1951)) and 1-(2’-thiazolylazo)-2-naphtol (TAR) (Nakagawa and Wada,1962). PAR and
TAR show an adequate response to Mn(ll) in the 0.1 to 1.1 mg/L and 0.04 to 1.4 pg/L range,
respectively, but none of them has comparable properties to PAN ( Shibata et al., 1973).

Taking advantage of the insolubility of azo compounds, Milani et al. (2015) developed a
sensor based on the immobilization of PAN for measuring Mn(lI1) in marine environments;
however, the necessity of adding masking agents and a strict control of pH in the samples
requires further studies before the sensor can be validated.

X-ray fluorescence (XRF) is a useful method to estimate sediment composition (Wolfe et
al., 1970; Ramsey et al., 1995; Stallard et al., 1995). It is based on the use of X-rays to excite

electrons of manganese; ejection of electrons from inner atomic shells creates empty positions
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that are filled when electrons fall back from the outer shells. These processes involve emission of
characteristic fluorescence for specific elements in the sample (Weltje et al., 2008).

In 1988, the first XRF core scanner was introduced at the Netherlands Institute of Sea Research
(Jansen et al., 1998). This device gives the relative intensity of elements during a high-resolution
surface scanning of split sediment cores. However, this method measures only solid phases, and
the determination is inaccurate due to uncertainties related to assumptions considered during the
mass-balance and flux calculations used to convert intensities into element concentrations
(Weltje et al., 2008). Additional problems related to element interactions, artifacts from
specimen inhomogeneity, variable water content, and irregular response to sediment surface
irregularities result in the XRF core scanner being a semi-quantitative method (Croudace et al.,
2006; Richter et al., 2006).

Atomic absorption spectrometry (AAS) is a highly sensitive, specific and versatile
technique to determine concentrations of trace metals (Liu et al., 1989). One of its common
applications involves the use of 8-hydroxyquinoline (oxine), which forms complexes with
manganese and other transition metals. The two main methods are based on oxine
immobilization directly onto the inner walls of silicone tubing, or on the retention of complexes
between manganese and oxine before quantification by the atomic absorption spectrophotometer
(Sarzanini et al., 2001).

Direct quantification of Mn(Il) in seawater using AAS is greatly affected by the sample
matrix. Atomizing Mn(ll) and its matrix at the same time and/or high chloride contents in the
sample increase the background signal during the measurements. These issues have been
approached by modifying the matrix (e.g. by adding ammonium nitrate or ascorbic acid) or

adding extraction steps (e.g. Chelex 100 extraction) to separate the analyte, and heating at
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steady-state to reduce the chloride interference (Crompton et al., 2006). The detection limit using
Chelex is less than ng/L (Kingston et al.,1978), and the reported limit of detection for direct
injection is ~0.3 pg/L; however, the state of the graphite tubes during the measurement
influences this limit (McArthur, 1977). Using chelating agents such as ammonium
pyrrolidinethiocarbamate or its combination with diethylammonium dithylthiocarbamate
provides detection limits of 0.004 pg/L and 0.07 pg/L respectively (Lo et al., 1982).

An analytical alternative for determining dissolved manganese, as well as several other
trace metals in marine environments, is the ICP-MS technique (e.g. Wu and Boyle, 1998; Saito
and Schneider, 2006). Currently, there are three main approaches for using this technique for
quantifying Mn in marine samples. The first is direct injection of seawater samples when the
trace metal concentrations are expected to be high; but this method lacks the required sensitivity
for the low trace metal concentrations expected in the open ocean. The other two approaches
involve preconcentration of samples using metal affinity resins or magnesium hydroxide
precipitation (e.g. Wu and Boyle, 1997; Field et al, 1999; Lohan et al., 2004; Saito and
Schneider, 2006). While use of resins provides adequate levels of sensitivity and precision,
some issues have been reported for ferrous iron measurements and other? dissolved redox-
sensitive metals, and additional oxidation steps are required (Lohan et al, 2004). On the other
hand, a technique based on precipitating the magnesium already present in seawater, by adding
ammonium, provides a more straightforward technique. Reported precision for the ICP-MS
technigue using magnesium precipitation is approximately 1.2-2.4% R.S.D (Saito and Schneider,
2006).

Because of their sensitivity, selectivity and fast response, electroanalytical methods

represent an excellent option for quantifying a wide range of metals in marine sediments (Van
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Der Berg, 1991; Filipe and Brett, 2003). Anodic stripping voltammetry has been used to
determine dissolved Mn. The most used ASV electrode is the mercury electrode, with detection
limits of 0.01 pg/L (O’Halloran et al., 1982); however, the large reduction potential required to
reduce Mn(Il) to Mn(0) and the low solubility of manganese in mercury are problematic.
Electrodes based on cathodic stripping voltammetry, such as carbon paste and boron doped
diamond electrodes, have been more successful, with detection limits of 0.004 pg/L (Banks,
2005). In particular, Brendel and Luther (1995) developed a solid-state voltammetric gold
amalgam microelectrode that is capable of measuring oxygen, S(-11), Fe(ll) and Mn(ll) in marine
pore waters at sub-millimeter scales, providing a useful analytical tool for characterizing
quantitatively the distribution of these analytes in the top millimeters of marine sedimentary
deposits. Detection limits of 120 nM and 93 nM have been reported for anodic and cathodic
stripping voltammetry determinations of Mn(Il) (Yue et al., 2012).

Several factors, such as cost, portability, on-board implementation, time demand,
specificity, detection limit, precision, reagent availability, number and volume of samples, etc.
must be considered during selection of an appropriate technique for determining different
manganese species in marine sedimentary deposits. Required sample volumes for the above
described methodologies vary from pL to L, and preparation for analysis varies from direct
measurement to intricate preconcentration stages; however, except for electroanalytical
techniques, in-situ measurements in marine sediments are out of the scope of these techniques, as
they are highly intrusive, limited to sample extraction and unable to fully resolve the complex
distributional patterns as expected for bioperturbed systems. Nevertheless, advances in optical

sensors capabilities of performing in-situ measurements of chemical parameters have been made,
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offering a new perspective for the characterization of chemical environments in marine

sedimentary deposits under different conditions.

1.4 Optical Sensors and their use in natural environments

Since the early 20th century, imaging techniques have been widely employed for
descriptive analysis of sedimentary environments; submarine optical systems have been mainly
focused on macrofaunal and sedimentary structure characterization (e.g. Petersen, 1913; Young
and Rhoads, 1971; Rhoads and Cande, 1971, Rhoads and Germano, 1983; Solan, 2003).
Technological advances in the last decades have broadened the use of imaging techniques to
geochemical applications, where both identification and quantification of chemical species in
natural environments have been accomplished by combining the use of optical systems with
physical and/or chemical properties of the analytes. Some advantages of these techniques over
conventional electrochemical approaches are their low electrical interference, lack of reference
electrodes, low relative cost to other analytic methods, wider range of analytes, and possibility of
carrying out two dimensional measurements, providing simultaneous measurements for multiple
points. However, some optical sensors present limitations such as ambient light interference,
photo degradation of indicators at high light intensities, long-term stability issues, delayed
response in comparison with electrochemical techniques, or irreversible response (Seitz, 1984).
Additionally, two dimensional sensors are susceptible to 1) heterogeneous responses at different
locations in the sensing plane caused by uneven distribution of indicator and/or supporting

layers, demanding individual calibrations for each pixel in the sensing plane (Oguri et al., 2006).
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In addition, perturbations in sedimentary diffusive patterns during sensor emplacement can alter
the thickness of the diffusive boundary layer (Viollier et al., 2003).

Optical sensors have been used to measure oxygen (Klimant et al., 1995, 1997; Glud et al.,
1996; Wenzhofer et al., 2004), pH (Kohls et al., 1997; Zhu et al., 2005), pCO> (Hales et al.,
1997; Neurauter et al., 2000; Zhu et al., 2006a), exo-enzymatic activity (Cao et al., 2011),
ferrous iron (Zhu and Aller, 2012), and nitrate (Huber et al., 2001), as well as a wide variety of
metals using indicators such as horseradish peroxidase (Shekhovtsova et al., 1994), porphyrins
(Morales-Bahnik et al., 1993) and dithiocarbamate (Lerchi et al., 1992) for mercury; dithizone
(De Oliveira and Narayanaswamy, 1992) and xylenol orange (Klimant and Otto, 1992) for lead;
2,4-dinitrosoresorcinol (DNR) (Malcik and Caglar, 1997) and urease (Andres and
Narayanaswamy, 1995) for ferric iron; and both 1-nitroso-2-naphthol and 4-(2-
pyridynazol)resorcinol for other metal ions including Co?*, Cu?*, Ni?*, Fe**, Cd?*, Zn®* and Pb?*
(Malcik et al.,1998).

The working principle of chemical optical sensors is the use of electromagnetic radiation to
excite a transducer which conditions its response to the amount of analyte reacting with it. The
analytical signal can be absorbance, luminescence, reflectance, fluorescence lifetime, or even
refractive index, scattering, diffraction and polarization, depending on the analyte and selected
sensing scheme (Seitz et al., 1984; Jeronimo et al., 2007). Broadly speaking, five main sensing
schemes have been described for determining chemical species in natural environments using
optical systems. The first is based on measuring absorption or luminescence patterns generated
by intrinsic optical properties of the analyte during its excitation by a wavelength-specific light
source, taking advantage of the natural color differentiation between chemical species produced

by pollution, organic content or oxidation states (e.g. Rhoads, 1995; Bull and Williamson, 2001,
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Bona, 2006). Interferences by turbidity, masking agents or by the presence of chemical species
with similar optical properties can cause the low specificity of this scheme (Oehme and
Wolfbeis, 1997). However, extensive work has been done on improving image processing
techniques to solve these problems. As a result, concentrations of iron oxide, copper, uranium
radionuclides and other metals have been successfully determined (Malstrom, 1988; Freeman et
al., 1985; Grygar et al., 2002; Viscarra Rossel et al., 2008).

The second sensing scheme used by optical systems is based on measuring changes in
absorption or fluorescence patterns generated by chemical reactions between analytes and
chromogenic compounds used as indicators. However, several reagents used as indicators in
colorimetric methods are inappropriate for optical chemical sensors because of poor stability,
low rates of reaction, pH sensitivity or unfavorable range of wavelengths at which measurements
must be carried out (Bishop, 1972). For metal ion measurements, the chemical interaction
between both chromogenic indicator and analyte could be an oxidation or reduction reaction, as
well as a combination of both. Additionally, several reagents used to determine ion
concentrations require buffers to maintain constant pH during measurements because many of
them are acid-base indicators (Oehme and wolfbeis, 1997).

An alternative to previously described sensing schemes is using quenchable fluorophore
compounds as indicators. This method relies on the static or dynamic quenching of indicator
luminance by reaction with the analyte. In particular, the suggested source for quenching
properties of heavy metals over luminescence from fluorophores is the heavy atom effect, and in
particular, the quenching efficiency exposed by transitional metals is their numerous unpaired

spins (Oehme and wolfbeis, 1997).
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During static quenching, the analyte reacts with the fluorophore in its ground state with a

conditional stability constant (Ks) described by:

Ks=[Mel]/([Me][l]) (eq.9)

where

[Mel]: concentration of quenched species.
[IT :concentration of fluorescent species.

[Me]: concentration of quenchers.

During dynamic quenching of an indicator’s luminescence, the quencher reacts with the
fluorophore in an excited state, and involves both fluorescence emission reduction and decreased
lifetime. The main advantage of this scheme is the reversible nature of reactions, which means
the indicator is not consumed during the reaction allowing real time tracking of concentrations
(Oehme and wolfbeis, 1997).

Analyte quantification using dynamic quenchers is carried out using the numerical
relationship between both luminescence quenching and analyte concentration described by the

Stern-Volmer equation:

(10/1)-1=K&[Q]=Kqt0[Q] (eq.10)

where lo (I): fluorescence intensities in absence (presence) of the quencher Q.
[Q] : quencher concentration.

Ksv : overall quenching constant.

Kq : biomolecular quenching constant.
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to : lifetime of the emissive excited state of the analyte.

Some disadvantages of sensors based on dynamic quenching are the quencher’s effect on
luminescence lifetimes, linearity losses at high analyte concentrations and mixing of quenching
types (static and dynamic) in the same sensor (Lakowicz et al., 1989).

The ionophore-based scheme uses lipophilic ion carriers and complexing agents capable of
reacting in a reversible fashion with the analyte, transporting it through supporting membranes to
the indicator by carrier translocation. One of the approaches used for this scheme involves the
use of chromogenic or fluorogenic moieties into ionophores to obtain chromo- or fluoro-
ionophores. This scheme could be used in both solution and bulk membrane sensors (Oehme and
Wolfbeis, 1997).

lonophore-potential sensitive dye mixtures and co-extraction techniques are two different
approaches used in ionophore-based sensors, and have been mainly applied in bulk membranes
instead of hydrophobic polymers due to the highly hydrophobic nature of the selected ionophores
in those studies (Oehme and Wolfbeis, 1997). However, the most widely used scheme is the
extraction of ions into membranes using neutral ion carriers, where metals are transported
through supporting membranes by neutral ionophores and react with proton-selective chromo-
ionophores. A disadvantage of this scheme is the high pH dependence demonstrated by ion-
exchange based sensors due to relationships between parameters to be measured and the ratio of
both analyte and proton activities (Lerchi et al., 1992).

Seitz (1991) indicated the gap between both empirical and theoretical reversibility of ion
binding reactions in sensors using chelators as indicators. In practice, the ion binding reaction is

irreversible because stability constants are outside the range where the sensor must work.
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Considering the operational range of analyte concentration for a sensor as log(Ks)+1, the
indicator will be saturated when -log(analyte concentration) < (log(Ks)-1); then, concentrations
of analyte outside the range of log(Ks)z1 will not produce any change in the optical signal.
Another problem developing reversible sensors arises from the difference between releasing and
binding rates for some chelators. In some cases the reverse reaction is extremely slow, affecting
the time response and reversibility of the sensor (Oehme and wolfbeis, 1997).

Simultaneously, biosensors have been developed to quantify analytes that traditional
chemical or physical schemes are unable to incorporate. Their basic principle is the use of
immobilized biological units such as DNA, RNA, bacteria, enzymes, proteins, antibodies or even
whole cells as detecting agents, preserving biological functions and structural integrity, and
producing highly stable systems in terms of response to chemical and thermal changes (Gill and
Ballesteros, 2000 a, b and c). Several biological units used for sensing purposes in these
schemes don't change their optical properties during recognition and/or consumption of the
analyte, requiring transducers to generate the optical signal (Jeronimo et al., 2007).

A crucial aspect of biosensors is how biological units are immobilized. Several methods
used in chemical sensors could damage the biological functions required for sensing because of
their pH or toxicity; nevertheless, sol-gel technologies have been widely used to immobilize
biological units retaining their structural integrity and biological functions (Gill and Ballesteros,
2000a, b and c).

Selecting the right option from the above described sensing schemes for specific
applications and environments must take into account the requirements of signal stability, limit
of detection, dynamic range and transducer lifetime, as well as possible limitations in size,

weight, and energy supplies. Environmental characteristics like temperature, pH range,
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interferences and physical conditions must be considered in choosing a sensing scheme, reagents

or supporting materials (Ricco et al., 1998).

1.5 Establishing the Problem and Research Objectives

Several previous studies have been focused on elucidating the biological, physical and
chemical processes that make up the manganese cycle in marine sediments, as well as the
relationship of Mn to other elements such as nitrogen, carbon and sulfur. Studies regarding
consumption of manganese solid phases by reactions like nitrification and sulfide scavenging in
anoxic sediments, and how microbial communities use manganese during enzymatic degradation
of lignin in coastal areas, give us a new perspective about the role of manganese in
biogeochemical cycles. Nevertheless, available methods to determine both dissolved and solid
phases of manganese are inadequate to quantify the role of these reactions in natural
environments because of their unidimensional (usually averaged vertical pattern) and intrusive
nature. Sedimentary perturbation by macrobenthic animals, and its effect on reactive particles
and solute distributions, as described by Aller (1982), and as visually exposed using two-
dimensional pH and O sensors (Glud et al., 1996, 1999a,b, 2001; Wenzhdfer and Glud, 2004;
Precht et al., 2004; Zhu et al., 2005, 2006b; Hakonen and Hulth, 2010), suggest that vertical
manganese concentration profiles obtained using conventional techniques are far from
representing the natural heterogeneity of perturbed marine coastal sediments; this difference
from reality will impact our conceptual and quantitative modeling attempts. In particular, Aller

(1980) showed how Fe(ll) and Mn(1l) concentration magnitudes depicted in vertical profiles in
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coastal marine sediments can be lower than expected as a consequence of these species diffusion
into burrowing structures. Thus, high resolution multi-dimensional measurements of Mn(ll)
distributional patterns become relevant to defining accurate boundary conditions, reflecting both
heterogeneity and chemical zonation in bioperturbed sediments, during one or multidimensional
modeling.

The development and use of two dimensional chemical optical sensors for measuring
dissolved manganese in marine sedimentary deposits would represent a significant contribution
to our understanding of the chemistry of coastal marine sedimentary deposits and the role benthic
organisms play in the biogeochemical cycling of Mn. In combination with other optical planar
sensor measurements of analytes such as pH, pCOa, H,S, Fe?*, etc., the spatial and temporal
measurements of Mn(ll), Fe(ll), S(-11) and pH can provide new insights into the interaction of
manganese with the cycling and transport of other biogochemically active elements, and a basis
for modeling their behavior at the seafloor. Therefore, the main objectives of this dissertation are
to develop a rugged Mn planar optical sensor suitable for measuring 2-dimensional distribution
patterns of dissolved Mn(ll) in bioturbated surficial marine sediments, to establish 2- and 3-
dimensional sensing techniques in marine sediments, to study Mn cycling and associated
biogeochemical processes in the heterogeneous bioturbated marine deposits based on in-situ 2-D
and 3-D Mn(l1) distribution patterns, and to further elucidate the relationship of Mn cycling to
the sediment geometry and benthic community properties such as the mobility and size of

infauna.
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1.6 The structure of the dissertation

In this dissertation, | investigate the multi-dimensional characterization of dissolved
Mn(Il) in bioturbated surficial marine sediments. Chapter 1 provides background information on
Mn(Il) cycling in marine sediments, the application of optical sensors in biogeochemistry,
Mn(Il) quantification techniques, and current research questions on these topics. Chapter 2
describes a new wet-chemical spectrophotometric method for sensitive and selective detection of
Mn(1l) in marine porewater samples. A new optical indicator for dissolved Mn(ll) recognition
and quantification, 4,4°,4°°,4>’-(Porphine-5,10,15,20-tetrayl) tetrakis (benzenesulfonic acid)
with cadmium (Cd-TSPP), is selected. Its optical spectral properties in the presence/absence of
Mn(ll), and the effect of salinity, temperature and pH and other experimental conditions are
investigated. Chapter 3 describes the development and optimization of a planar optode for
measurements of Mn(ll) in marine sedimentary deposits, testing the suitability of Cd-TSPP as a
chemical indicator for multidimensional measurements in terms of the viability of its
immobilization in a blocked urethane based polymer, and checking the effect of this process on
its chemical response. Chemical and physical aspects of this sensor are optimized to provide a
suitable response to the analyte under marine conditions, and to improve optical properties of the
sensor for quantification purposes. The main goal of this optimization is to provide the planar
optode the capability to depict distributional patterns of the analyte under different conditions of
bioperturbation or/and oxygenation. Chapter 4 gives an account of applications of the developed
Mn(Il) planar optode during two- and three-dimensional Mn(Il) measurements, coupling its use
with a planar optode for ferrous iron, as well as with basic tomographic reconstructions, to

quantitatively visualize the effect of bioturbation and /or changes in oxygenation regimes over
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the chemistry of redox sensitive metals in marine sediments, depicting changes on its fluxes
under and across the sediment-water interface. This chapter includes both in situ and ex situ
measurements, as well as application to incubation experiments. Finally, Chapter 5 summarizes

the achievements and findings of this research.
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Chapter 2:

A new spectrophotometric method to quantify Mn (I1) in marine pore waters
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Abstract

This study explores the use of Cadmium (1) meso-tetrakis(4-sulfophenyl) porphyrin
complex (Cd-TSPP) as an indicator for the spectrophotometric determination of dissolved
manganese (1) in pore waters from marine sediments. Both single absorbance and second
derivative based methods were evaluated with a multifunctional plate reader. Cd-TSPP has a
maximum absorbance at 433 nm in solution, but the core Cd(I1) ion in the complex can be
quickly replaced by Mn(ll) at pH 4 — 8 to form a new Mn porphyrin complex (Mn-TSPP) with
maximum absorbance at 469 nm. The absorbance of Mn-TSPP at 469 nm and its second
derivative spectra at the same wavelength show excellent linear relationships with Mn(I1)
concentrations (R?=0.997 and R?=0.999, respectively) in the 0 - 37.5 uM range for 200 pL
samples. The detection limits using single absorbance and the second derivative are 0.4 and 0.3
UM Mn (1), respectively. A correction subtracting reference absorbance at 490 nm from 469 nm
signal was required in the single absorbance approach in order to eliminate the effect of baseline
fluctuations. In contrast, the second derivative approach shows higher selectivity, accuracy and
precision for Mn (11) determination in pore water. The reaction is not affected by pH (4 — 8) or
salinity but is temperature sensitive in the range of 10 — 45 °C with an activation energy of 22.12
kJ mol. No interferences from metal ions such as Pb(I1), Cu(ll), Fe(ll), Zn(ll) etc. were found.
The proposed method, which is rapid and suitable for small size samples, was successfully

applied to the determination of Mn (1) in pore water.
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2.1 Introduction

Manganese is a key redox reactive element in marine environments, particularly
sedimentary deposits. In the oxic zones of marine sediment, manganese is commonly present as
solid phase Mn(1V) and Mn(l11) oxides and oxyhydroxides (Post 1999). Oxidized manganese can
be readily reduced to more soluble Mn (I1) in anoxic regions by electron donors such as organic
matter, and rapidly reoxidized during subsequent transport and re-exposure to oxidants. Thus,
cyclic manganese redox reactions are closely coupled to multiple biogeochemical and physical
processes, for example, the degradation of organic matter, oxidation of reduced metabolites, and
consumption of oxygen (Takamatsu et al., 1985; Sunby et al., 1986; Burdige et al., 1992;
Canfield et al., 1993; Aller, 1994; Luther et al., 1997; Hulth et al., 1999; Thamdrup, 2000). The
quantification of dissolved Mn (11) concentrations and distributions is an essential aspect of
understanding redox reaction - transport processes in sedimentary deposits.

Several viable analytical techniques have been reported for Mn (11) determination,
including atomic absorption spectroscopy (Porta et al., 1991), electroanalytical chemistry (Ma et
al., 2008), and spectrophotometric methods (Chiswell et al., 1990). Spectrophotometric methods
are particularly useful due to simplicity, sensitivity, stability, comparative low cost and
suitability for both automation and field research. Various reagents and sensing schemes have
been proposed for colorimetric measurements of manganese in natural environments using
permanganate and formaldoxime, the latter being the most used method since the 1960's
(Chiswell et al., 1990). Here, we examine the use of the porphyrin complex: cadmium (1) meso-
tetrakis(4-sulfophenyl) porphyrin, as an alternative basis for spectrophotometric determination of

dissolved Mn (I1).
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Porphyrins show high sensitivity and selectivity as indicators for metal ion determinations.
Typically, the reaction of free porphyrins with metals is slow and thus difficult to incorporate
directly into an analytical scheme. However, substitution reactions of dissolved metal ions with
metalloporphyrins containing large complexed ions (e.g. Hg?*, Pb?* or Cd?*) can be fast. Of
critical importance is that in the process of exchanging the metal ion core of metalloporphyrin
complexes, absorption spectra change (Biesaga et al., 2000). Both porphyrins and
metalloporphyrins show intense absorption and molar absorptivities in the Soret band (400-500
nm), a metal specific property that is highly useful for optical quantification of
metalloporphyrins, and which can be further optimized for analytical applications by use of

derivative spectrophotometry (e.g. Ishii et al., 1982b ).

Successive formation of metalloporphyrin from metal-free porphyrin (MP) reacting with a
divalent metal ion (M?*) and the substitution of a second metal (Mb?*) into the metalloporphyrin

nucleus can be generally depicted by equations 11 and 12:
M?* + HoP <> MP + 2H" (eq. 11)
MP +Mb%** — MbP + M?*  (eq.12)

Many studies have characterized the formation of metalloporphyrins (e.g. Gharib et al.,
2009; Kilian & Pyrzynska, 2003; Tabata, 1987; Shamim & Hambright, 1980) and have
demonstrated that metal ions typically form a 1:1 complex with porphyrins, excepting Na, Li and
K ions which form complexes in a 2:1 ratio with the metal ions projecting slightly out of the
macrocyclic plane (Biesaga et al., 2000). A second special case is complexation with large metal
ions like mercury, lead and cadmium which are bound just on the central surface of the

porphyrin. The resulting deformation of the porphyrin nucleus makes it possible for rapid
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substitution reactions with other smaller divalent metal ions, forming complexes with
spectroscopic properties specific to the substituting metal and thus potential target analytes

(Tanaka, 1983).

Several porphyrins and metalloporphyrins have been used in different analytical schemes
involving spectrophotometric, potentiometric, capillary electrophoresis and HPLC techniques to
measure a wide range of divalent metal ions in plant and water samples (Ishii et al. 1982a; Xu et
al. 1991; Almeda et al. 2009; Okutani et al. 1994). In particular, the most commonly used
porphyrins for manganese ions determination are meso-Tetrakis(3-bromo-4-sulfophenyl)
porphyrin (m-BrTPPS4), meso-tetrakis(4-sulfophenyl) porphyrin, meso-tetrakis(4-
carboxyphenyl) porphyrin [T(4-CP)P] and its cadmium complex (Cd-T(4-CP)P) (Biesaga et al.,

2000; Ishii & Kohata, 1987; Ishii et al., 1982a).

Given that meso-tetrakis(4-sulfophenyl) porphyrin has been successfully used in
determination of metal ions in both terrestrial and fresh water samples, and the highly convenient
isolation of the absorbance peak associated with the manganese complex versus other
metalloporphyrin spectra inside the Soret band, we further investigated the suitability of its
cadmium complex (Cd-TSPP, Figure 2.1) as a new indicator for rapid spectrophotometric
quantification of dissolved manganese in pore water from marine sediments. Because modern
multichannel plate readers permit rapid acquisition of continuous spectra on multiple samples,
we also evaluated the efficacy of the second derivative technique and adaptation of the
spectrophotometric Mn(I1) method to common 96-well microplates. The effects of pH,
temperature, salinity and potential interferences from foreign divalent ions on the measurement
were studied and conditions were optimized. The second derivative approach provides for

substantial improvements in the selectivity and sensitivity in measurement relative to single
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wavelength absorbance methods (e.g. Han et al, 2011). The Cd-TSPP method has been
successfully applied for Mn(Il) measurements in sediment porewater samples, allowing

measurement of hundreds of samples within a half hour.

2.2 Experimental

2.2.1 Equipment and reagents

A POLARstar Omega multifunctional plate reader with UV/VIS absorbance spectra
capabilities was used to perform both kinetic and endpoint measurements at specific wavelengths
(469 and 490nm) and obtain wavelength scans (250-700 nm). Reaction and measurement
temperatures (25+0.1 °C) were monitored and controlled using the incubation mode of this
equipment, and a 4 second double orbital (400 rpm) shaking sequence was performed before
each measurement to avoid possible variation between replicates due to mixing processes inside
wells, as previously described in the literature (Weiss et al. 2002). The number of Xenon lamp
flashes per measurement was fixed at 50 to increase signal stability.

Atomic absorption measurements were carried out using a Graphite Furnace/Flame Perkin
Elmer A Analyst 800 Atomic Absorption Spectrometer equipped with an automated motorized
atomizer and a hollow cathode lamp for manganese. The graphite furnace mode was selected for
all measurements with a sample injection volume of 20 pL, and each sample was measured three
times.

The 5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrin (TSPP) was obtained from SIGMA -

Aldrich (88074) and a 0.48 mM stock solution was prepared by dissolving 245.5 mg TSPP in

54



500ml of 0.01M sodium hydroxide solution. Cadmium porphyrin (Cd-TSPP) complex solutions
were prepared according to the method reported by Kilian and Pyrzynska (2003). Briefly,
cadmium ion was mixed with TSPP at a molar ratio of 4:1 (Cd?*/TSPP) in a 250 ml amber flask.
The reaction was carried out in the dark, and the concentrations of reactant TSPP and product
Cd-TSPP were spectrophotometrically determined at 412 nm (¢=3.47x105; Inamo et al., 1997)
and 433 nm, respectively. The reaction was stopped when the TSPP absorption peak at 412 nm
disappeared. All Cd-TSPP working solutions were prepared the day before use. The stock
solutions used to study interference from other metal ions (Fe(ll), Pb(II), Cu(ll) and Zn(Il))
were treated with hydroxylamine hydrochloride (0.32 M in each well) as reductant. Reductant
addition assured stable oxidation states for interference evaluations. All pH adjustments were

carried out using the total [H*] scale.

2.2.2 Procedures

A clear polystyrene microplate with optical glass bottom (Whatman) was used for
measurements of Mn(II). Samples (200 pL) with different Mn(II) concentrations (pH 4 — 8)
were transferred into each microplate well (maximum capacity 370 puL), and then 50 pL of 0.24
mmol/L Cd-TSPP solution was added. The mixture was allowed to stand for 15 min at room
temperature and the absorbances of each well at 469 nm and at 490 nm (reference) were then
measured. The absorbance difference (AAasg-490 = Ass9-Asgo) and the second derivative at 469 nm
(described below) were used to construct calibrations and perform measurements. For the studies

of pH effect and foreign ion interferences, 0.32 M of hydroxylamine hydrochloride in each well
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was used to ensure that the oxidation state of redox metal ions was stable and also consistent
with that under anoxic conditions (the latter important for possible in situ applications).

Pore water samples used for this precision and accuracy studies were obtained from surface
marine sediments (0 — 1 cm) that were collected in July 2010 from Flax Pond, Great Peconic Bay
and West Meadow Beach, Long Island, NY. Porewater was separated by centrifugation of
sediment. These porewater samples were stirred, oxygenated and filtered through 0.2 um pore
polysulfone filters and spiked with a specific amount of Mn(I1) standard prior to the
determination.

Marine sediment samples used for Mn(ll) determinations were obtained from Great
Peconic Bay in July 2010 and Long Island Sound in Nov. 2007 and stored at 15°C. Porewater
samples were separated by centrifugation of sediment, filtered through 0.2 um pore polysulfone
filters and acidified to pH 2 with HCI (trace metal grade) before storage. Sample pH was
adjusted to 4 using NaOH solution immediately before analysis. Subsamples (200 pL) diluted in
distilled water (dilution factor: 1.5) were used to ensure absorbance in the 0-1 range and a final

total volume of 250 pL per well after adding 50 pL of indicator.

2.2.3 Second derivative determination

Application of the second derivative approach in spectrophotometric determinations of Mn

(1) using Cd-TSPP was tested. The general Gaussian curve (eq. 13) was centered on the

manganese metalloporphyrin peak (469 nm) in the absorption spectra and optimally fit using

Least Squares, squaring the distance between data points and curves to estimate errors in the
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curve fitting (eq. 14). The second derivative of the Gaussian model (eg.15) was evaluated at 469

nm for each Mn(ll) concentration to obtain a calibration curve.

d(x=%)?
A=Ae " +q (€q.13)
err => d? => (y, — f(x))’ (eq.14)
2 VY —d(x=x%)*
0/ x=469

x=469

where

Ao : maximum band height at wavelength x, (469nm).
d :constant equal to -4Ln(2).

w : bandwidth at half maximum band height.

A :absorbance at wavelength x.

g :constant representing the baseline.

f(x) : fitted model.

2.2.4 Effect of temperature

The temperature dependence of the analyte-indicator reaction was studied in the range of

298.15 to 318.15 °K using both the temperature control incorporated in the POLARstar system
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and the Kinetic operational mode. The changes in absorbance of the reaction system at 469 nm
and 490 nm were measured with a temporal resolution of 1 min., and reaction rates were
estimated using the slope of the initial linear segment (~ first 7 min.) of reaction progression
with time to validate the use of an Arrhenius model (equation 16) of temperature dependence for

this reaction.

In(k) = In(B) — (%j{%j (eq. 16)

where

k : reaction rate (mol/sec).

B : pre-exponential factor.

Ea : activation energy (J).

R : gas constant (8.314472 J K'mol ™).

T : absolute temperature (Kelvin).

2.3 Results and Discussion

2.3.1 Absorption spectra

The typical absorption spectrum of metalloporphyrins consists of a strong absorption band
at about 400 nm (the Soret band or B band) and several weaker absorption bands located at 500 —
650 nm (the Q band) (Ishii et al., 1978; 1982a; Ishii & Kohata, 1987; Gharib et al., 2009). In
agreement with this typical porphyrin characteristic, metallo-TSPP complexes also show the

Soret and Q bands. As shown in Figure 2.2 A, the Soret band of TSPP complexes with cations
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such as Pb(I1), Cu(ll), Fe(ll), Zn(I1) and Cd (1) are centered at wavelengths shorter than 430
nm, while Mn-TSPP has a Soret band centered at 469 nm, well separated from the Soret peaks of
the other metalloporphyrins by the absorption peak of Cd-TSPP at 433 nm. This feature is
highly useful for manganese determination because the reaction of Cd-TSPP with possible metal
interferents will decrease the Cd-TSPP peak closest to the Mn signal rather than increase
overlap.

In the present application, the Cd(ll) in the indicator Cd-TSPP is quickly replaced by
Mn(Il), forming Mn-TSPP with maximum absorbance at 469 nm (Figure 2.2 A). The oxidation
state of Mn in the Mn-TSPP complex after reaction was not determined in this work; however,
no differences were found between absorbance behavior in the presence or absence of NH,OH
(range 0.1 — 0.32 M) implying a Mn(Il) complex . The absorbance of Mn-TSPP at 490 nm is
used as a reference to counter any baseline fluctuations, and the absorbance difference A469 —
A490 is used to quantify Mn(I1). In order to further improve the method selectivity and
sensitivity, the second derivative spectra of Mn-TSPP at 469 nm is also used and compared with
single absorbance (A469-A490) detection method.

The Q band Mn-TSPP complex peak was not used due to its poor sensitivity and significant
overlap with peaks from other metal ions (Figure 2.2 B). Similarly, the absorbance in the Cd-
TSPP peak at 433 nm in the Soret band, which decreases in proportion to the quantity of Mn(Il)

present, was not used.
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2.3.2 Cd-TSPP concentration optimization

To optimize its concentration for Mn(I1) determination, the indicator Cd-TSPP
concentrations in the range of 19.2 to 144 uM prepared in artificial sea water (35%o, pH 8) were
tested. The results summarized in Figure 2.3 indicate that the absorbance of the Cd-TSPP Soret
band extending to 469 nm increased exponentially as concentration increased, and that the blank
adsorption of Cd-TSPP at 469 nm potentially overlaps with any Mn-TSPP absorption band.
Because the optical signal in Figure 2.3 is corrected by subtraction of a reference absorbance at
490 nm, the exponential rise of absorbance at 469 nm implies that the baseline distortion is
directly related to the Cd-TSPP concentration increase (Figure 2.3 inset) and is not affected by
baseline shifts. Selection of the indicator's optimal concentration must therefore consider and
balance many aspects of the method such as dynamic range, sensitivity, detection limit and
instrumental error related to the absorbance range. In the present case, a concentration of 48 uM
Cd-TSPP was chosen because at this Cd-TSPP concentration, the proposed method can cover the
normal range of manganese concentrations reported for marine pore waters (based on a 1:1
stoichiometry of reaction), with a low baseline disturbance at the Mn-TSPP absorption peak 469

nm (0.04 unit of absorbance over the reference at 490 nm, Figure 2.3 inset panel).

2.3.3 Salinity, temperature, and pH effects

The effect of salinity on the reaction of the Cd-TSPP complex with the analyte Mn(I1) was
tested. No difference was observed at a fixed Mn(ll) of 16 uM when the salinity was varied from

22 to 44%o0. When the reaction time was fixed at 15 min, the variation in the absorbance signal
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(AA469-490) was 1.85% (RSD) for measuring Mn(II) in salinity 22, 35 and 44%o solutions
(Figure 2.4).

The effect of reaction temperature on the Mn(Il) determination was evaluated by measuring
the corrected absorbance AAassg-490 Of 1.0 UM Mn(I1) solutions after reacting for 15 min at
different temperatures. The results show that the Mn-TSPP absorbance linearly increases when
temperature increases from 10 to 45°C (other temperatures were not tested) (Figure 2.5A).
Temperature affects the reaction and thus Mn(1l) concentration. A second temperature
experiment also showed a linear relationship (R?=0.998, p<0.001) between the natural logarithm
of reaction rate (k) against the reciprocal of temperature in the range of 295.15° to 318.15° K
(Figure 2.5 B), demonstrating that an Arrhenius relationship (eq. 16) describes the temperature
dependence of the transmetallation reaction between Cd-TSPP and Mn(Il). The activation energy
for this reaction calculated from the slope of the model fit is 22.12 kJ mol™. This temperature
dependence could be used experimentally to reduce the time of reaction by using a higher
reaction temperature, and also indicates that for highest accuracy all samples should be
maintained at a similar temperature during analysis. Practically, however, temperature variation
during analysis will have minor impact. For example, the results in Figure 2.5 A show that the
absorbance change is <5 % when reaction temperature fluctuates in the range of +2 °C during the
course of an analysis at 22 °C. In this work, all the Mn(ll) kinetic reaction and endpoint
measurements were performed in the plate reader with temperature controlled at 25+0.1 °C .
Standards were also included in all plates, providing additional checks on calibration.

The effect of pH on Mn(ll) determination using Cd-TSPP was assessed by comparing the
absorbance signals obtained from three calibration curves at pH 4, 6, and 8 in seawater solutions,

respectively. Hydroxylamine hydrochloride (0.32 M final concentration) was added into each
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well in order to maintain the Mn(ll) oxidation state at high pH values (for example pH 8) and to
prevent any precipitation of Fe(l11) which might scavenge Mn in natural samples. As noted
previously, no interference from 0.32 M hydroxylamine hydrochloride was observed. A linear
relationship between these three curves (R?=0.99; n=4 for each Mn(ll) concentration) with a
slope of 1.171, indicates that the absorbance signals after 15 min reaction are not impacted by pH
in the range of 4 to 8 (Figure 2.6). The reaction does not proceed at pH 2, and in this work the
pH values of acidified samples were adjusted to 4 using NaOH just before analysis. The addition
of 50 L of indicator reagent to a 200 puL pH 4 sample does not affect pH. Although the optimal
pH range is wide and encompasses most values commonly observed in natural samples, addition
of buffer (e.g., tris or phosphate buffer, pH ~5) to plate wells can be easily incorporated as a
regular step in a standardized procedure when sample pH variations below or above 4 — 8 may

occur.

2.3.4 Reaction time and operational stability

At room temperature (22 °C), absorbance of the reaction solution at 469 nm increased with

time, reaching a maximum value after reacting for 15 min at optimal conditions (data not

shown). The maximum signal was stable for 4 hours in the dark at room temperature. A 15 min

reaction time was adopted for measurements reported in the present study.
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2.3.5 Calibration graph

Two calibration graphs were constructed based on different treatments of the data (Figure
2.7). The first approach is a calibration graph of the baseline-corrected-absorbance at 469 nm
(AAu469-490) versus Mn(1I) concentration in 200 pL of artificial seawater (35%o, pH 8). The AAu4eo-
a90 for Mn-TSPP shows good linearity with Mn(1l) concentration in the range of 0 — 37.5 uM
(Figure 2.7 A, R?=0.997, n=4 for each concentration) with a detection limit of 0.4 uM Mn(I1)
(30) for a 200 puL sample volume. Higher concentrations of Mn(Il) were not tested because
absorbance of the highest concentration in our calibration curve (37.5 uM in microplate well)
reached 1.76. Even though linearity is maintained across the concentration range, the high
absorbance number (> 1) may result in increased measurement uncertainty. The range of Mn
mass per plate well with this particular method modification is therefore 0.08 — 7.5 nmol, but
sample size can be further manipulated to extend the concentration range (e.g., decrease sample
size for high Mn concentration solutions and dilute the volume in the well to total 200 pL + 50
pL Cd-TSPP).

A second calibration curve was made using the second derivative of absorbance at 469 nm
against Mn(Il) concentration (Figure 2.7B). The Gaussian curve was fitted as described
previously to the Mn-TSPP peak at 469 nm considering the spectra in the 469-500 nm range,
with an error in the range of 1.9x10* to 1.3x1072 optical density unit (equation 13and 14, Table
2.1). The second derivative at 469 nm (equation 15) shows an excellent linear relationship (R? =
0.999, p<0.001) with Mn(ll) in the concentration range of 0 - 37.5 UM in the solution, with a
detection limit of 0.3 uM (30). For the second derivative calculation, a reference absorbance

correction at 490 nm is not necessary because the correction is implicit to the Gaussian fit, and
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the constant representing the baseline of the spectrum in this model is removed during
mathematical differentiation. Because the second derivative method can significantly improve
method selectivity, and eliminate or decrease any possibility of error from spectrum distortions,
its calibration graph shows a better linearity than the direct use of AAasse-490 (COmpare Figure
2.7A and B). In addition, the second derivative method has the advantages of higher sensitivity,

precision and selectivity compared with the single absorbance method (AA 469-490).

2.3.6 Interferences

Interferences from various foreign ions on Mn(l1) determination were studied and results
summarized in Table 2.2. An ion was considered not to interfere if the relative error it caused
was less than 5%. Because the Mn-TSPP Soret band absorbance does not overlap with those of
other metal-TSPP complexes, the potential interference from foreign ions may come from the
competitive consumption of the amount of indicator Cd-TSPP with analyte Mn(Il). If the
indicator Cd-TSPP is in excess, the interference from foreign cations can be depressed. The
results in Table 2.2 indicate that for determination of 10 uM Mn(I1), 1 uM of Zn(l1), Cu(ll),
Cr(IIT) and Co(IT) may interfere when the single absorbance (AA469-490) method is used.
However, the concentration of these foreign cations in natural pore water sample is likely much
lower than 1 uM (e.g., Westerlund et al. 1986; Shaw et al., 1990; Zhang et al., 1995). No
interference was observed if the second derivative method was used to measure Mn(ll) at the
same relative concentrations, and the results in Table 2.2 clearly show that the selectivity is

significantly improved by use of the second derivative method. One simple analytical option to
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check for interferences, for any significant competition for Cd-TSPP reagent, and to ensure that
Mn(ll) is in an optimal range for analysis is to utilize two or more sample sizes when loading a
well plate and check for equivalent or discrepant results (for example: 50 pL sample diluted to

200 pL; 100 pL sample diluted to 200 pL; 200 puL sample).

2.3.7 Accuracy and precision

Accuracies of the second derivative and single absorbance methods were evaluated by
testing the recoveries of standard additions of Mn(lIl) in natural porewater matrices, including
naturally present dissolved organic matter (DOM). Porewater samples 1, 2 and 3 were obtained
from surface marine sediments (0 — 1 cm) that were collected in July 2010 from Flax Pond, Great
Peconic Bay and West Meadow Beach, Long Island, NY, respectively. These porewater samples
were stirred and oxygenated to precipitate any initial Fe(ll) and Mn(ll) present, filtered (0.2 um)
and spiked with Mn(ll) standard prior to analysis. The recovered Mn(ll) concentration in each
porewater sample was measured four times and the results are listed in Table 2.3. The recoveries
of standard addition Mn(l1) in three different oxidized real porewater samples are 99.9 — 100.4%
and 100.9 — 102% for the second derivative and single absorbance methods, respectively. The
good agreement of the added and recovered amount of Mn(ll) in the natural samples confirmed
the method’s accuracy, and the lack of interference from foreign ions or DOM under the
analytical conditions. The proposed methods were compared with a traditional formaldoxime
method. With this latter we obtained recoveries of 97.9 — 121.3% Mn(Il) (Goto et al., 1962).
The results in Table 2.3 show that the recovery of Mn(ll) by the proposed method can be

superior to that of formaldoxime. A further comparison of the proposed method with atomic
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absorption spectroscopy (AAS) was also performed for the determination of 0.016 — 36.7 uM
Mn(Il) in artificial seawater samples. The results in Figure 2.8 showed excellent agreement
between these methods. The correlation coefficients of AAS with both direct measurement
(AAase9-490) and 2nd derivative methods are 0.99, further confirming the analytical accuracy of the
proposed methods (Figure 2.8 A and 2.8 B respectively).

Precisions of the proposed Mn(Cd)-TSPP methods were evaluated by calculating standard
deviation (SD) and relative standard deviation (RSD) (n=4). Results in Table 2.3 show that
RSDs are in the range of 1.31 — 4.05% and 1.28 — 4.18% for the second derivative and single
absorbance method, respectively. Other advantages of the Mn(Cd)-TSPP methods include

simplicity and speed.

2.3.8 Application

The proposed method has a suitable dynamic range and detection limit for application to
the determination of Mn(l1) in sediment porewater samples. Dilution may be required to
minimize error from high absorbance. By using a 96-well microplate and a plate reader, large
numbers of samples can be measured quickly. For example: one measurement set may evaluate
about 90 independent samples, depending on the number of included blanks and standards. In
the present case, two natural porewater samples were analyzed as examples of practical
application. Sediment was obtained from Great Peconic Bay in July 2010 and Long Island Sound
in Nov. 2007 and stored at 15 °C. Comparative analytical results between methods are listed in

Table 2.4. No buffer was used during our measurements due to the wide working pH range.
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However, a buffer (e.g., Tris-HCI) with a pH value 4 to 8 can be used depending on analytical

requirements.

2.4 Conclusion

We have developed a quick spectrophotometric method for the determination of dissolved
Mn(Il) in porewater without interference from matrix foreign ions and salinity under typical
circumstances. Analytical results are consistent with alternative methods such as formaldoxime
or atomic absorption. The second derivative technique used to derive correlations between
Mn(11) and spectral response significantly improved the selectivity, precision and accuracy
compared with the traditional formaldoxime method. Combined with 96 or 384-well microplate
and multifunction plate readers, the proposed method can readily measure hundreds of samples
within a half hour. This method has been successfully applied to the determination of Mn(ll) in

natural pore water samples.
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Chapter 3:

A new planar optode for measuring 2D manganese distribution in marine sediments
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Abstract

Manganese plays an important role in carbon, nitrogen, and sulfur cycling in marine
environments. In this environment, the diverse set of chemical, physical, and biological
components of its elemental cycling generate highly dynamic and potentially complicated 3-
dimensional distribution patterns of the different species, turning the chemical characterization of
this element into a major analytical challenge. For these reasons, in this chapter I explore
alternative designs for a planar optode capable of measuring two-dimensional distributions of
dissolved manganese (Mn II) in marine pore waters. Such multi-dimensional measurements may
be used to further elucidate Mn cycling and associated biogeochemical processes in
heterogeneous bioturbated marine deposits. The main concerns for designing this chemical
sensor were to ensure measurements with minimal impact on the natural sedimentary structures
of samples and with an appropriate dynamic detection range for typical environmental
applications.

The planar optode sensing schemes explored in this work involved both chemical and
numerical aspects. The reaction of Mn(II) with 4,4°,4* 4“‘-(porphine-5,10,15, 20-tetrayl)
tetrakis (benzenesulfonic acid) cadmium complex (Cd-TSSP), or a derivative of this compound,
was used as the primary basis for optical sensing. The indicator was first characterized in free
solution (Chapter 2), and then entrapped in D4 hydrogel or a blocked version (with inhibited
functional group reactivity) of the same polymer, and its immobilized behavior evaluated. The
numerical aspects in the present sensing schemes involved colorspace transformation and noise
removal algorithms for improving conversion of electronic signals (e.g. digitized images) into

chemical information.
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After optimizing different possible sensing schemes, | successfully functionalized Cd-
TSSP and immobilized it in a blocked version of D4 hydrogel. This sensing scheme showed
suitable dynamic range, and tolerance to both interferences and changes in salinity for the
acquisition of 2-D measurements of Mn(l1) in marine pore-waters. The sensor membrane can
depict the natural heterogeneity of dissolved Mn in bioperturbed marine sediments with minimal
impact on natural sedimentary structures during its deployment. This sensor is envisioned as a
complement to traditional 1-D methods for determining Mn(ll), allowing us to increase our

knowledge of biogeochemical cycling in in marine sedimentary deposits.
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3.1 Introduction

As mentioned in previous chapters, manganese plays a key role in marine biogeochemical
cycles. It is involved in numerous inorganic and organic reactions, where the transition between
its different oxidation states in the water column and sedimentary deposits reflect interactions
between both inorganic and biologically mediated reactions, as well as physical processes,
including changes in phase and spatial redistribution for the different species. Additionally,
macrofaunal activity in marine deposits has a major impact on sedimentary structures, generating
and ventilating intricate burrowing systems (e.g. Figure 3.1). This highly dynamic cycle is one
of the main challenges that analytical techniques used for quantifying dissolved and solid phases
of manganese in marine pore water and sediments must overcome.

A wide spectrum of analytical techniques has been used for quantifying manganese species
in marine environments, including X-ray fluorescence, atomic absorption spectrometry, ICP-MS,
electroanalytical methods and spectrophotometry, with different dynamic ranges, accuracy
levels, susceptibility to interferences or equipment costs, but all have the common restriction of
representing intrusive one-dimensional measurements. This analytical limitation is particularly
relevant in sedimentary environments where perturbation by macrobenthic animals substantially
modify both reactive particle and solute distributions, as described by Aller (1982), and visually
exposed by using two-dimensional (2-D) pH, dissolved ferrous iron and Oz sensors and probes
(Glud et al., 1996, 1999, 2001; Wenzhofer and Glud, 2004; Precht et al., 2004; Hakonen et al.,
2010; Zhu et al., 2006a, 2006b, 2012).

A diverse group of organisms that have manganese oxidizing or reducing capabilities,

including bacteria and their spores (Johnston et al., 1988; Myers and Nealson, 1988; Bratina et
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al., 1998; Francis et al., 2001; Francis et al., 2002; Villalobos et al., 2005; Miyata et al., 2007),
fungi (Inferred from the presence of manganese peroxidase, Bonugli-Santos et al., 2010) and
microalgae (Marshall, 1979), have been isolated from natural marine environments. The
reported heterogeneous distribution of these organisms in sediments suggests that vertical
manganese concentration profiles obtained using conventional techniques are far from
representing the natural heterogeneity of perturbed marine coastal sediments, and far from
showing how this deviation would impact our conceptual and quantitative modeling attempts.

Advances in 2-D measurements of manganese solid phases in sediment cores have been
made using X-ray fluorescence (e.g. Jansen et al., 1998). However, problems related to artifacts
from mass-balance and flux calculations used to convert intensities into element concentrations,
and from element interactions, specimen inhomogeneity, variable water content, and irregular
response to sediment surface irregularities reduces the value of this useful tool as a quantitative
method (Croudace et al., 2006; Richter et al., 2006; Weltje et al., 2008).

Two dimensional distributions of metal concentrations in porewater have been measured
using the diffusive equilibrium in thin films technique (DGT), where a hydrogel-based diffusive
layer interacts with a Chelex resin to accumulate the analytes, which are measured using
conventional techniques such as Proton-induced X-ray emission (PIXE) or laser ablation ICP-
MS once the multilayered film is removed from sediments (Davison et al., 1994; Fones et al.,
2002; Motelica-Hein et al., 2003). However, problems may arise during quantification of
dissolved manganese in marine sedimentary environments using this technique because, among
the transition metals, manganese has the weakest binding with the resin, and even if manganese
binding was slightly more strongly than Ca®* and Mg?*, a competitive cation binding with

Chelex has been reported with these cations, which are highly abundant in marine porewaters
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(Tankéré-Muller et al., 2012); thus, 2-D spatial resolution for this measurements is highly
dependent on the “slicing” process.

As introduced in Chapter 1, the use of optical sensors represents an alternative for
measuring 2-D distributional patterns of chemical species in marine deposits. Selecting
supporting materials and indicator-immobilization methods are critical steps for the development
of 2-D chemical sensors since both modulate the performance of the optode in terms of its
optical response, dynamic range, quenching constants or acid dissociation constants, as well as
diffusion of the target analyte within the polymer matrix.

Several methods of immobilization have been reported. They can be classified in three
main categories: physical, electrostatic and covalent immobilization. The first refers to the
physical entrapment of indicators in a polymer matrix, where the polymer pore size and/or
indicator lipophilicity prevent leaking of indicators out of the matrix. Another type of physical
immobilization is based on adsorption of the indicator just on the surface of the supporting
material or its inclusion into the matrix by attachment onto particles. In electrostatic
immobilization methods the indicator is retained by its Coulomb interactions with an oppositely
charged supporting material, while in covalent immobilization methods, it is chemically bonded,
either directly or through a molecular pendant (Oehme et al., 1998).

A wide variety of supporting matrices have been used for ion sensors, including glass,
hydrophobic and hydrophilic polymer materials. The selection criteria must be related to the
optical scheme, deployment environments, and the analyte's physical and chemical properties.
Glass has been widely used as a supporting material because of its mechanical stability and

optical properties (Oehme and Wolfbeis, 1997). However, its brittleness could be an undesirable
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characteristic for deployment in marine sediments, and vertical diffusion would be a
disadvantage for 2-D sensor development.

Hydrophobic polymer supports have been widely used in sensor fabrications. Unlike
hydrophilic polymer supports, solutions containing the analyte do not reach the indicator;
therefore, an ion exchange or coextraction mechanism is required to achieve measurements since
the indicator is enclosed in the polymeric network. Additionally, not all the hydrophobic
supports are suitable for ion measurements. lon transport across either polystyrene and silicon
membranes is too low, or even nonexistent, to allow the analyte to reach the indicator in the
hydrophobic phase. Plasticized poly(vinyl chloride) using esters such as trioctyl phosphate or
dioctyl phtalate coupled with ion transport mechanisms has been used successfully for ion
measurement (e.g. Zhu et al., 2012). However, this approach is not suitable for all the chemical
indicators used in ion sensing because some indicators become heterogeneously distributed in the
supporting material by aggregate formation (Oehme and Wolfbeis, 1997).

Hydrophilic materials such as polysaccharides, polyacrylates, polyacrylamides,
polyimines, polyglycols, polyvinyl alcohol and D4 hydrogels have been extensively used in
optical-chemical sensing schemes. Their hydrophilicity is influenced by the efficiency of
reactions between molecules (monomers) binding each other to form a polymer network and the
mesh size constituted by the binding between polymer chains (the degree of polymerization and
cross-linking respectively) (Oehme and Wolfbeis, 1997). In particular, hydrogel polymeric chains
bind to each other covalently or physically to form a hydrophilic 3-D array capable of swelling
up to 99% of the polymer dry weight and remain almost unreactive to proteins or biological cells
(Buenger et al., 2012).

Even when hydrogels contain amide, amine and carboxylic acid groups that can bind with

80



heavy metal ions and dyes (e.g El-Hag Ali et al., 2003), many potential hydrophilic support
materials are unsuitable for ion sensing because protons and hydroxyl anions compete with metal
ions for binding with the polymers. Amino groups lose their chelating properties at low pH since
they become positively charged by protonation. Carboxylic groups, the preponderant group in
terms of metal ion binding, forms dimeric associations involving two hydrogen bonds at low pH,
decreasing the swelling and ion binding properties of hydrogels (e.g. Aroua et al., 2007; El-Hag
Ali et al., 2003). Extensive work has been done on “blocking” polymers, which decreases or
even totally stops reactivity of hydrogel functional groups. Blocking becomes particularly useful
to improve preservation during storage or when neutralizing highly reactive and toxic
compounds such as isocyanates (e.g. Wicks Jr., 1975; Wicks and Wicks Jr.et al., 1999, 2001). In
particular, if mechanical and optical properties of polymeric materials are required as part of
immobilizing schemes, minimizing their interaction with active reaction sites of dyes or
competition for the analyte, blocked materials become an interesting alternative as supportive
material for 2-D ion sensing in marine sedimentary deposits.

Finally, selecting an appropriate chemical indicator for quantifying dissolved manganese
in marine environments, as discussed in Chapter 2, is a fundamental step in developing new
multidimensional sensors. The optically active complex formed by 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin with Cd(II) (Cd-TSSP) has a suitable response for spectrophotometric
quantification of dissolved manganese at natural ranges of pH, salinity, temperature and
interference levels in marine pore waters (Soto-Neira et al., 2011), and is potentially amenable to
incorporation into polymer substrates. In this study I explore immobilization of this complex in
an unmodified/modified polyurethane hydrogel-based sensing foil, and test its analytical

capabilities and spatial resolution to elucidate changes in two-dimensional measurements of
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Mn(1II) in heterogeneous marine sediments.

3.2 Experimental

The 2-D sensing scheme described in this chapter is a three component system, including a
transparent supporting material (S), which holds the immobilizing agent (I1A) that will entrap the
selected chemical indicator (IN) (Figure 3.2). Six different variations of this general scheme
were generated by combining different alternatives for IA and IN (Schl to Sch6, summarized in
Table 3.1), with all of them using a 15 cm by 15 cm Mylar ® polyester film as supporting
material.

A sequential description of the experimental approach includes 1) optimization of 1A
chemical concentration, oriented to improve the optical properties of the S-1A system before
exploring its interaction with the indicator, 2) implementation of proposed sub-schemes, testing
their chemical and physical response to the analyte, 3) calibration of the most suitable scheme,
selected by its response to the analyte and optical properties, and 4) its deployment in natural
samples to compare 2-D determinations against traditional chemical methods for Mn(I1)
quantification in marine pore waters, and to test the sensing capabilities of the scheme for Mn(ll)

measurements in marine bioperturbed sediments.

3.2.1 Equipment, reagents and standard solutions

As described in chapter 2, spectrophotometric measurements of manganese in solution

were carried out using a BMG Labtech SpectroStar nano microplate and cuvette reader with
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UV/VIS absorbance spectra. Settings, standards and sample preparation for quantifying
dissolved manganese in solution used a formaldoxime-based method.

2-D spectrophotometric measurements for the sensing foils were performed using a
Canon Scan LIDE 25 scanner equipped with a Contact Image Sensor (Canon Inc.) as light source
and detector; excitation light was filtered by attaching a filtering foil with a peak of transmittance
at 470 nm.

Two sets of Mn(ll) working standard solutions with concentrations, salinity and pH
required to test the sensor’s response under marine conditions were used. The first set was made
by using aliquots from 1.0 mM stock solutions of Mn(ll) prepared using 8% hydroxylamine
hydrochloride solution (Fisher) in artificial sea water (ASW, 35 salinity) and adjusting pH by
adding HCI (trace metal grade) or NaOH as required to reach a desired pH value. The total [H*]
scale of pH was used. The second set was prepared using aliquots of a 1000 ppm Mn(ll) standard
solution (FISHER, SM81-100) diluted in ASW and avoiding the use of hydroxylamine. This set
was prepared fresh every time and kept under anoxic conditions during use (e.g. bubbling
nitrogen gas into solutions and air-tight spectrophotometric cuvettes).

For sensing foil preparations, the Mylar ® polyester film (0.127 mm thickness) and the
ether based polyurethane, D4 (part # 100028), were obtained from Ridout plastics (San Diego,
CA) and Hydromed, respectively. 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TSSP) was
from Sigma (88074) and cadmium chloride from MP (152507). The amylene stabilized
chloroform and 69% nitric acid used during the desulfonation and aryl nitration reaction were
from Sigma (CAS 67-66-3) and J.T. Baker (9601-34). All the remaining reagents were from

Sigma.

83



3.2.2 Spectrophotometric quantification of sensing foil response to Mn(ll)

One-dimensional (1D) end point absorbance measurements of sensing foils were carried
out using the plate reader in cuvette mode in 1-cm disposable cuvettes. A 1x2cm sensor piece
was inserted into the cuvette and oriented both facing the light source for spectrophotometric
characterization of the sensing foil, or parallel to it for detecting indicator leaks from the sensor;
the reactive side was in contact with the selected solution (Figure 3.3). Two-dimensional
measurements were performed by digitalizing the sensor image after the sensor was immersed
and retrieved from the testing solution by using the modified scanner described above, fixing the
sensors against the white screen.

Settings for the scanning process were controlled by using XSane (GNU licensed software)
to obtain the unaltered signal from the optical sensor (RAW) and fixing the Gamma correction to
1 during acquisition of color channels (Red, Green, Blue) that form the data cube (commonly
referred as RGB data). General post-processing scripts commonly used in commercial image
acquisition devices for aesthetic purposes, such as automatic contrast and brightness adjustments,
were disabled to keep the signal integrity. In addition, data interpolation during image storing
was avoided by selecting uncompressed file formats (e.g. 8-bits, 16-bits and 32-bits TIFF).

Raw RGB data cubes from digitalized sensing foils were post-processed using Matlab (c)
to obtain its translation into different color spaces (standardized RGB and HIS) using the
formulation described by Gonzalez and Wood (1992) and Viscarra- Rossel et al. (2006)
(equation 17 and 18, respectively), avoiding the use of pre-defined functions of this software to

acquire control over the values of constants used during the color space transformations.
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R G B
r = g = b = eq. 17
R+G+B g R+G+B "’ R+G+B (eq. 17)

where:

R, G and B: raw red, green and blue channels respectively.

r, g and b: standardized tri-stimuli signal.

H = cos—1 {[ 0.5[(R—G)+(R-B)] }

(R—G)2+(R-B)(G—B)]°5 (eq. 18)

I=-{R+G+B}

3 .
S=1 —m[mln(R, G,B)]

where:

H, I and S: hue, intensity and saturation, respectively.
3.2.3. Sensing foil homogeneity test and electronic noise removal from digital information

Homogeneity tests were carried out on the images obtained during the tests of selected
sensing schemes before checking interactions with the analyte in order to quantitatively detect
optical irregularities in the produced sensing foils (e.g. by uneven distribution of IN and/or 1A,
dye micelles formation, drying patterns, etc.). These tests were accomplished using the Quad

Tree test, proposed by Finkel and Bentley (1974), using the function gtdecomp from Matlab ®,
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which iteratively sub-divides square regions of an image and tests whether a particular subregion
meets a pre-defined homogeneity criterion. If a sub-region meets the criteria, it is not further
subdivided; this results in identification of areas where the criteria are not met as areas with
highly sub-divided regions. The homogeneity criteria used for our test was to consider sub-
regions as homogeneous when the difference between local maximum and minimum value were
lower than 0.1 in standardized images (equivalent to 10% difference between limit values), this
test was performed using the I channel from the HIS color space transformation (equation 18).
Noise was removed from digital images by applying the anisotropic diffusion filter
proposed by Perona and Malik (1990) (discrete form; equation 19). This filter was applied to the
sensing foil images captured after reaction with the analyte since it removes the variability
produced by electric noise during the image acquisition without compromising the optical-

chemical signal in the sensor.

IMEHY = M + #zms 9(V IM;,))V IMg,, (eq. 19)
S

Where:
IME: discretely sampled image.
t: iteration number.
s: position in a discrete, 2-D grid.
A: diffusion rate (constant).
ns: spatial neighborhood of pixel s.
| ns |- number of neighbors (assigned value:4).

0: edge-stopping function.
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3.2.4 Preparation and optimization of immobilizing agents

Two immobilizing agents were tested in combination with different entrapment techniques
to generate the six immobilization sub-schemes (Table 3.1). The first immobilizing agent (IA1)
was D4, an ether based polyurethane; it was used for Schl, Sch2 and Sch3. The second was an
alcohol blocked D4 (1A2), prepared by using KOH and ethanol as catalyst as described below; it
was used for Sch4, Sch5 and Sché.

The 0.1g/ml D4 Stock solution for IA1 was made by dissolving 15 g of D4 in 150 ml of
an 98.3% solution of ethanol-MilliQ water with overnight stirring. Solutions with lower D4
content or ethanol percentage (from 0.025 g/ml to 0.4 g/ml in 97% ethanol) were prepared by
diluting with 98.3% ethanol in MilliQ or/and just MilliQ water. Both stock and diluted solutions
for 1A2 were prepared in the same way described for 1AL, but using 97% ethanol in MilliQ water
as solvent, and the blocking reaction were carried out for each solution just before use.

The blocking process was aimed to extensively reduce the available -NCO and -OH
groups in the immobilizing agent that might react with the analyte or the chemical indicator, as
well as to reduce volume changes in the polymeric matrix due to water absorption. The selected
method was to use the alcohol contained in the solution used to dissolve D4 as blocking agent,
and to use potassium hydroxide in excess as a catalyst (Zengel et al., 1983; Wicks and Wicks Jr.,
2001). The blocking reaction was carried out at 353.15° K and closely monitored to check when
the CO> production stopped (assuming the blocking reaction had ended). Since the blocking
reaction would be easily reversed by the remaining hydroxide at high temperatures, the

potassium hydroxide residual was neutralized using 6M HCI. The salt produced in the
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neutralization was removed by decantation, filtration and rinsing with Milli-Q water after the
drying period. Additional tests were made on this material omitting the neutralization.
Optimization of the IA chemical concentration was carried out by preparing several sets of
S-1A foils using different concentrations of 1Al and 1A2. These foils were produced by evenly
spreading 9.9 ml of solutions containing 0.025 g/ml, 0.05 g/ml, 0.1 g/ml, 0.2 g/ml and 0.4 g/ml
of A1 or IA2 on the surface of 15x15 cm Mylar ® polyester films, where the setup and drying
time were the same for sensing foils, as described in 3.2.6, but omitting the use of indicator.
Additional rinsing cycles with Milli-Q water were required after drying when 1A2 was used.
Optical properties of each 1A scheme were characterized by digitalizing four images for
each S-1A foil, scanning them after the drying period, converting them to HIS color space using
eq. 18 and forming 3-D matrices for each channel. The first two dimensions correspond to the
height (n) and width (m) of the image, and the third represents the channels (k). The image
replicates were combined to form three n by m by 4 matrices, where each of matrix contain a
single channel. Calculations of 2-D average and 2-D standard deviation were carried out across
the third dimension of these matrices (Figure 3.4). The resulting 2-D datasets from each channel
were analyzed by grouping their data in a 1-D dataset and fitting Gaussian curves to them
(equation 20). Higher values of T, the full width of the Gaussian curve at half maximum peak
height (equation 21), implies wider variation during the recognition of the analyzed parameter in
the digitalization processes. This variation may be produced by heterogeneous optical properties
in the tested foil and/or electrical noise during image acquisition, while lower values for I
represent narrower, less noisy digitalization processes and more homogeneous optical properties

for the sensor under the selected method of acquisition.
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e 202 (eq. 20)

f&xlp, o) =

oV2m

where:
i: mean or expectation;

o: standard deviation.

I'=2,2Ln(2)c (eq. 21)

where:
I': full width of the Gaussian curve at half maximum peak height.

o: standard deviation from Gaussian fitting.

3.2.5 Chemical indicator stock solution

Stock indicator solutions (IN) for testing different immobilization schemes were prepared
by dissolving 36.4 mg of TSSP and 0.05 g of cadmium chloride in 2 ml of NaOH (0.001 M),
checking the total consumption of free porphyrin during the metal complex formation reaction
over time by spectrophotometry. Ten ml working indicator solutions for schemes Sch2 and Sch4
(IN21) were prepared by diluting 95 ul aliquot of IN to 10 ml using MilliQ water. Ten ml working
indicator solutions for Sch3 and Sch5 (IN2) were prepared by diluting 95 ul aliquot of IN to 10
ml using 98% ethanol in MilliQ water. For Sch6, since an amine group binding at least one of the
side chains is required for immobilizing a meso-substituted porphyrin using glutaraldehyde, a
common desulfonation reaction followed by an aryl nitration reaction, as proposed by Kruper et
al. (1988) and modified by Ladomenou et al. (2012), was carried out using amylene-stabilized
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chloroform (Sigma, CAS 67-66-3) and 69% nitric acid (J.T. Baker, 9601-34). In contrast to the
modified method, the final sulfonation step from the original procedure was retained to recover
solubility in water, avoiding alterations in optical properties of the sensing foil by use of organic
solvents. Metallation reaction with Cd(ll) was carried out after nitration to complete the indicator

solution for Sch6 (IN3).

3.2.6 Sensing foil preparation

For Schl, 95 ul aliquots of IN were directly added to 9.9 ml diluted solution obtained
from 1AL, containing the D4 concentrations selected during the optimization of IA, to get a final
indicator concentration of 0.173 mg/ml in a 97% ethanol-MilliQ water solution in each case. As
for all the sensing foil variations used in this study, the resultant solutions were stirred until
homogeneous, then evenly spread over S, mounted on a leveled glass surface and covered with a
non-hermetically sealed glass tray, allowing the mixture to slowly evaporate in a semi enclosed
area, in darkness if required (when indicator is present) and for at least 12 hours. Preparation of
sensing foil sets for immobilization schemes Sch2, Sch3, Sch4 and Sch5 have the common initial
step of homogeneously spreading 9.9 ml of 1A on S, using the concentration selected during its
optimization, and prepared from 1A1 (Sch2 and Sch3) and from 1A2 (Sch4, Sch5 and Sch6)
stock solutions. Once the drying period was complete, 10 ml of IN1 was homogeneously spread
on the surface of Sch2 and Sch4, while the same volume of IN2 was spread on Sch3 and Sch5.
All sets were kept in darkness to avoid photo-oxidation. The remnant indicator solution on

surface from Sch2 and Sch4 was removed after 1 hour by pipetting. All sensing foils were rinsed
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several times with MilliQ water and allowed to dry at room temperature before measuring both
homogeneity of the sensor foils and the amount of indicator immobilized.

Initial steps to prepare sensing foils for Sch6 were the same as for Sch4 and Schb;
however, the surface of Sch6 was treated with a 0.17 M glutaraldehyde solution (prepared at pH8
using 50 mM sodium phosphate) for 20 minutes after the I1A2 drying period, Then the reaction
was stopped by rinsing the sensing foils with PBS (50 mM sodium phosphate, 0.5 M sodium
chloride at pH 7.4). Indicator was added to the foil by homogeneously spreading a 10 ml of IN3
on the dry surface of the immobilizer, and stopping the reaction after 90 minutes by rinsing the

foil with PBS again.

3.2.7 Indicator entrapment, reactivity test and sensor foil calibrations

Reactivity tests for each sensing scheme proposed in 3.2.3 were carried out by adding 200
ul drops of Mn(ll) standard solutions onto the surface of sensing foils, with concentrations
between 0 and 150 uM Mn. This test provided a quick assessment of sensing foil chemical
reaction with Mn(ll), and it was also a useful technique for checking the proper response of
sensing foils before deployment in the field or after an extended storage period.

Calibration curves were performed by immersing 1x1 cm square pieces of selected sensing
foils (subtracted before the sensor deployment) in 20 ml glass scintillation vials containing
Mn(ll) standard solutions made in artificial seawater (s: 35, Section 3.2.1), using one sensor
piece per vial, and measuring its optical properties as described in Section 3.2.2. After immersion
for 30 min., the sensor foil strips were rinsed several times with Milli-Q water, and then dried for

1 hour in darkness.

91



Salinity, temperature, pH and response to chemical interference tests were performed using
the same conditions and set ups described in Chapter 2 during the characterization of Cd-TSSP

as a chemical indicator for Mn(ll) in pore waters.

3.2.8 Natural samples

Coastal surface sediment used during incubation experiments for testing sensing foil
deployments and sensor response to natural environments were collected from Smithtown Bay,
NY, US using a 0.25 m? box-corer. Sub-sampling was carried out using transparent acrylic box
cores (18 cm by 7.5 cm; height: 22 cm; sediment-water interface at ~12 cm from the bottom),
previously fitted with foil place holders (transparent polyester sheets) attached to the internal
sides of the box. These blank sheets facilitate insertion of the sensor foil along the lateral face of
the core, minimizing the disruption of sedimentary structures during deployment (Figure 3.5).
Box-cores were kept in darkness to avoid photo-oxidation or photosynthesis, and immersed
(uncapped) in oxygenated bottom water collected in the same area to maintain oxic conditions in
overlying waters while the gas tight seal at bottom allows the building up of sub-oxic and anoxic
conditions in deeper sediments.

A comparison between 2-D measurements of Mn(l1) carried out using selected sensing
schemes against traditional 1-D determination methods for this analyte was accomplished using
acrylic sheet (24x6.5 cm; thickness: 2 mm, insert Figure 3.6) as the sensor foil holder, attaching
the foil to the acrylic along the edges using polytetrafluoroethylene tape (PTFE), keeping the
reactive face contacting sediment, and inserting the holder-sensor in the center of the core. Once

the pre-defined deployment time ended, three syringe cores were subsampled from areas
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adjacent to the sensing foil before its removal. These syringe cores were sub-sampled every 0.5
centimeters for the top 3 cm, and at 1cm intervals for deeper sediments. Pore water extracted
from each sub-sample was analyzed for Mn(ll) using the formaldoxime method as described in
Soto-Neira et al.(2011).

To test the capability of selected sensing schemes to resolve 2-D Mn(ll) distributional
patterns in bioperturbed sediments, individuals of Yoldia limatula (deposit-feeding protobranch
clam from the family Yoldiidae) and Nereis sp. (polychaete worms from the family Nereidae)
were released separately into selected boxcores, and after a short period of acclimation ( ~2
hours), Mn(11) sensing foils were deployed. X-ray images of the boxcores were taken during the
deployment of the sensors foils to obtain more accurate information about sensor location, to
locate animals, and to visualize the sedimentary structures generated during the burrowing.

All the sensing foils were deployed for 30 minutes in the sediments and rinsed multiple
times with Milli-Q water after foil extraction. Mn(lI1) quantification using sensing foils was
accomplished by performing 2-D spectrophotometric measurements as described in Section
3.2.2, converting intensity values from digitalized images into chemical concentrations via

calibrating foils as proposed in section 3.2.7.
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3.3 Results and discussion

3.3.1 Optimization of immobilizing agents

Chemical concentrations of immobilizing agents used in this study were optimized by
preparing a set of S-1A foils as described in Section 3.2.4 and analyzing their digitized images (4
replicas per foil) to determine foil optical properties. The primary tests were the Gaussian plots
of averaged hue, intensity and saturation channels obtained from processing digital images of S-
IA foils containing 0.025 g/ml, 0.05 g/ml, 0.1 g/ml, 0.2 g/ml and 0.4 g/ml of 1A1; these were
calculated following the scheme illustrated in Figure 3.4. Results are depicted in Figure 3.7. No
significant differences were found between foils containing equivalent concentrations of 1Al and
IA2; however, this was highly depended on the efficiency of salt removal during the preparation
of foils containing 1A2.

Gaussian plots for H channels from S-1A1 foils with concentrations above 0.05 g/ml
showed narrower distribution patterns, with I" values of 24.83, 25.27 and 27.11 for 0.1g/ml, 0.2
g/ml and 0.4 g/ml respectively (equation 20), suggesting both more homogeneous 1A
distributions and higher stability for color detection during digitization processes for these foils
(Figure 3.7, H panel). Nevertheless, the Gaussian distributions of | channels showed a consistent
increase of their I' values at higher IA1 concentrations, indicating a higher impact of diffracted
light during the digitalization process at higher concentrations (Figure 3.7, | panel). In addition,
the same plots for S channels depicted higher variability in this parameter for the two highest
A1 concentrations (Figure 3.7, S panel), supporting the hypothesis of diffracted light affecting

the color recognition during digitization of foils containing 0.2 g/ml and 0.4 g/ml of IAL.
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Qualitative examination of prepared foils suggested suitable degrees of transparency for
all of them, which is a desirable property for deployment of optical sensors in marine sediments.
However, S-1A foils containing 0.025 g/ml were susceptible to scratches and IA often peeled
during manipulation, eliminating the use of these formulations.

Based on parameters analyzed above, the selected concentration for both 1A was 0.1
g/ml. This concentration provides the combination of narrowest H, | and S distributions. While
distributions of this parameter for foils containing 0.05 g/ml of 1A were very close to those of
foils containing the selected concentration, foils containing 0.1 g/ml provide extra mechanical
strength, which is directly related to the foil preservation during deployment in marine

sediments.

3.3.2 Immobilization and reactivity tests for proposed sensing schemes

Sensing foil prototypes for each of the six immobilization sub-schemes proposed in this
study were prepared as detailed in section 3.2.4, using the 1A concentration selected in section
3.3.1 (0.1 g/ml). After drying, foils were subject to both homogeneity and indicator entrapment
tests, as well as chemical response to Mn(I1) in ASW (per section 3.2.7). Figure 3.8 shows a
regular unfiltered digitalized image of Sch 6 (A) and the result of its homogeneity test (B). As
depicted in this figure, the Quad tree test (threshold: 0.1) did not find major irregularities in this
foil, suggesting homogeneous distribution of the indicator, lack of micelles formed during the
immobilization, and evenly distribution of immobilizing agent. This was the common result for
sensing foils tested in this study; however, occasional issues during the drying step produced low

quality sensing foils (e.g Figure 3.8 C and D). Low quality foils were discarded and were
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replaced with new foils prepared following the same scheme. Uneven accumulation of indicator
around the foil edges sometimes resulted from specific immobilization schemes (e.g. Sch 2, Sch
3 and Sch 6); in these cases the edges were trimmed (e.g., 5 mm boundary removed).

Indicator entrapment test results are summarized in Table 3.2. Spectrophotometric
measurements oriented to detect releases of indicator from Sch 3 and Sch 6 during its immersion
in ASW (salinity: 35; pH: 7.5) did not show detectable Cd-TSSP residuals in solution, while Sch
1 and Sch 2 showed low amounts of indicator released to the same immersion solution during the
test (Figure 3.9). Residual traces of indicator were not detected in the immersion solution for
these schemes after adding rinsing cycles with Milli-Q water following the drying period as a
final step of its preparation; this suggested that detected residuals in the immersion solution
correspond to indicator added in excess. On the other hand, Sch 4 and Sch 5 released extensive
amounts of indicator once immersed in the ASW solution, with evident loss of sensing foil
coloration as a result. The diminished capacity of 1A2 to retain the indicator, in contrast with its
unblocked form, was attributed to the lack of coordination centers in the blocked polymer, as a
result of the reduced number of ligands available after blocking, which disabled the ability of this
material to entrap metalloporphyrins unless an additional functionalized group binds both S and
IA (e.g. Sch6). Therefore, Sch4 and Sch5 were rejected as possible immobilization schemes.

Chemical response to Mn(I1) was checked for Schl, Sch2, Sch3 and Sch6 as described in
section 3.2.7, and results are summarized in Table 3.3. For Sch1, Sch2 and Sch3, 1-D
spectrophotometric characterization of sensing foils confirmed the integrity of the immobilized
Cd-TSSP complex, showing the expected absorbance peak at 469 nm (e.g. Figure 3.10);
however, reactivity test for these sensing foils found that there was no (Schl) or low (Sch2 and

Sch3) response to Mn(l1) after the sensors reacted for hours (Figure 3.11). The lack of response
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to the analyte by these schemes could be interpreted as the result of two different processes. The
first was the loss in motility of cadmium cation due to coordination with highly reactive groups
available in the polyurethane based polymer (e.g. isocyanates); this would stop the
transmetallation reaction required for insertion of Mn(l1) in the porphyrin central ring. The
second was alteration of the physical and chemical properties of the immobilizing agent due to
ionic strength, which would slow down or even stop the motility of cadmium cations in the IA.
Additional experiments were carried out to test the second hypothesis by including surfactants,
or cationic/anionic additives during preparation (e.g. dextrose, cetyltrimethylammoniumbromide,
sodium dodecylsulfate, ammonium tetrakis (4-chlorophenyl)borate, carboxymethyl cellulose ).
But even when some of these alteration resulted in measureable responses to Mn(l1) in ASW, the
use of additives to enhance cation motility in the immobilizing membrane was discarded because
1) internal diffusion in sensing foils decreased the spatial resolution for 2-D measurements, 2)
distribution heterogeneity of additives increased, and 3) preservation issues were exacerbated for
schemes containing additives such as dextrose (e.g. Figure 3.12). Even though carboxy methyl
cellulose is used as an immobilizing agent in other studies, in the present work it was used as an
additive to produce a composite immobilizing layer, resulting in better response to the cations in
solution.

1-D spectrophotometric characterizations of chemical reactions between Sch 6 and
Mn(Il), as well as its response to both cationic interferences and salinity changes were performed
by immersing sensor strips of Sch 6 (1x2 cm) in 1cm cuvettes, as described in section 3.2.2 and
3.2.7. Sch 6 displayed a quantifiable irreversible response to Mn(l1) in ASW, showing a decrease
in absorbance at 469 nm during the first 4 minutes of immersion, followed by a sigmoidal

increase of the absorbance, reaching its maximum after 30 minutes of reaction (e.g. Figure 3.13).
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The initial decrease in absorbance was interpreted as a result of ASW absorption into the
immobilizing agent during the equilibration of Sch 6 with the solution, while the subsequent
sigmoidal increase of absorbance corresponds to transmetallation reactions between the chemical
indicator and Mn(Il). The reaction time of 30 minutes required by Sché to reach the plateau in
absorbance is double the time required by Cd-TSSP during Mn(I1) determinations in solution
(e.g. Ishii et al., 1982 and Soto Neira et al., 2011) . Nevertheless, this reduction in reactivity is in
agreement with previous studies where aldehydes were used to immobilize porphyrins (White,
2001). It also represents a favorable practical characteristic for using this sensing scheme for
marine sediments since this feature would provide a delay in response to Mn(ll) and minimize
artifacts from cross-contamination during insertion.

Response of Sch 6 formulations to cationic interferences such as the Fe(l1l) commonly
present in porewater, salinity changes (Table 2.2, chapter 2), and pH (6-9) were carried out
using 1-D spectrophotometric measurements (section 3.2.2). No quantitative effects were found
at realistic representative concentrations. Because the metalloporphyrin central ring was not
modified, the response of this indicator was expected to be similar to the one reported for Cd-
TSSP in solution (Soto-Neira et al., 2011). A crucial final step in Sch 6 foil fabrication is
rinsing the foil several times with Milli-Q water after the drying period in order to avoid any
release of residual basic reagent into the contacting medium.

Sch 6 sensing foils shown to be stable for months, before and after its use, when stored at
4°C in dry and dark areas, where the temperature control reduce the chances of increased
reaction rates by excessive heat, and reducing the light exposure avoids the photo-oxidation

reaction.
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3.3.3 Calibration of selected sensing scheme

Calibration curves for Sch 6 were constructed as detailed in section 3.2.7. After reaction,
the exposed foil strips were arranged from low to high Mn(I1) concentrations for digitization
(Figure 3.14 A) and converted to HIS colorspace using equation 19. The I channel was used for
calibration purposes (Figure 3.14 B). As shown in Figure 3.14 (C), the vertical averaging of each
intensity column in the digitized image is inversely proportional to Mn(Il) concentration. By
averaging all the intensity values for each foil piece, we found a linear response in the 0 to 150
UM range, with a slope of -12646, and disturbance of 2048.3 and R? of 0.985 (Figure 3.15).
Linearity was lost for solutions containing Mn(1l) concentrations over 150 UM, but since
intensity values kept decreasing (e.g. 200 uM, intensity: 0.149), the most likely interpretation of
this change in trend was hardware limitations of the modified scanner used for this purposes.

The difference between dynamic ranges for Mn(1l) quantification using TSSP in
solution and the proposed immobilized method (3uM-47 uM and n.d-150 uM respectively) is
explained by both the decreased reactivity of the immobilized indicator (White, 2001), and the
difference in sensitivity between light detectors used by each method (spectrophotometer and
digital scanner respectively).

The iterative electric noise removal based on the method of Perona and Malik (1990)
(section 3.2.3) was used to reduce the standard deviation in measurements. Each iteration

produced a new image calculated using equation 19. One hundred iterations were performed with
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this method, analyzing the resulting images every 20 cycles. After 60 iterations the slope and
disturbance values for calibration curves from the resulting images converged to -12420 and
2014, respectively (Figure 3.16A and 3.16B). While the standard deviation noticeably decreased
after just 20 iterations (Figure 3.16 D), the highest R? (0.9653) was obtained after 80 iterations
(Figure 3.16 C). This asymptotic value is not significantly different from the one obtained
without noise removal techniques (0.964), implying that the anisotropic diffusive technique
limits its effect to the noise in the images, keeping the chemical signal intact. The limit of
detection before applying the anisotropic diffusive technique, calculated as 3o, was 18.9 uM, and
after applying the noise removal technique, was 8 uM (60 iterations). Therefore, 60 iterations
was fixed as the optimal number of iterations because it is the lowest value at which slope,

disturbance, and standard deviation converge to constants.

3.3.4 Deployment of selected sensing scheme in natural sediments

Sensing foils using Sch 6 were tested during incubations experiments as described in
section 3.2.8. 2-D measurements of Mn(I1) were carried out with this scheme and compared to a
traditional spectrophotometric method. Figure 3.17 (A) depicts 2-D distributions of Mn(Il)
concentrations of the analyte expected to be undetectable near the oxygenated sediment-water
interface, where Mn(ll) is oxidized to manganese oxides and precipitates. A pronounced
concentration peak of Mn(l1) reaching over 100 uM, was found between 6 and 10 cm depth; This
distribution, as well as the magnitude of its concentration are typical of Mn(ll) profiles
classically reported in the literature (see Chapter 1), and represent the use of manganese oxides

as electron acceptors during organic matter remineralization. One dimensional profiles
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generated by horizontally averaging 2-D measurements closely match 1-D Mn(ll) profiles
obtained by analyzing Mn(lIl) concentrations using formaldoxime in pore water from cores
adjacent to the sensing foil (Figure 3.17 B). Matching between 2-D and 1-D datasets, even when
they are obtained in close proximity, is highly dependent on the structural homogeneity of
sedimentary environments where the sensor is deployed, as evidenced by the vertical
asymmetrical distribution of Mn(I1) below 12 cm depth in Figure 3.17 A. This vertical
asymmetry below 12 cm depth can be interpreted as formation of local patches of organic matter
remineralization due to the natural heterogeneity of sedimentary deposits.

Figure 3.18 (A) shows a close up X-ray image of a box-core lateral face, where burrows
dug by Nereis can be seen, while Figure 3.18 (B) depicts distributions of Mn(ll) obtained by
deploying a Sch 6 sensing foil in the same location where these structures were visualized. The
2-D Mn(Il) patterns agree with expected distributions, given that other studies using oxygen
planar optodes in bioturbated sedimentary deposits have reported oxygen influx into deeper
sediments through burrowing networks (e.g. Glud et al., 1996, 1999, 2001), consistent with
oxidation as an explanation for lower Mn(I1) concentrations following the track of these
structures. However, the effect of mucus production by Nereis, and its deposition on the walls of
burrowing structures, was not considered. This process could affect the gas and solute exchange
between the burrow and surrounding sedimentary areas. A suggested method to evaluate the role
of mucus in this processes is to compare organic compound measurements carried on samples
from the burrow’s water-sediment interface (e.g. aminoacids and/or carbohydrates), used as a
proxy of mucus abundance, with planar optode information obtained before the organic
sampling, correlating the flux magnitudes of oxygen and/or Mn(Il) with the amount of mucus

detected in the same area.
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Multiple Sch 6 sensor foils were deployed in a box-core containing Yoldia,
perpendicularly to the lateral face of the tank, as shown by x-ray images obtained after the
insertion of sensor plates into sediments (Figure 3.19 A). As shown in Figure 3.19 (B), Mn(lI)
concentration was low to non-detectable as expected at the oxidized sediment water interface and
near surface sediments. These low concentrations reached much deeper in sediments where
Yoldia was present. X-ray images showed burrowed regions in lighter intensities (lower density,
watery) where one of these structures can be recognized going close to the wall of the box-core
from sensor foil 1 to foil 5. Sensor foils 1 to 4 provide quantitative and visual evidence of
decreased Mn(lIl) concentrations where the lower density burrowed sediment is evident.
Additionally, during multiple incubation experiments, gas-filled hollow spaces (created during
introduction of sediment to mesocosms) were found during x-ray imaging. These structures can
be seen in Figure 3.19 (A) and (B) (e.g. sensor foil 4, bottom), demonstrating that Sch 6 sensing
schemes are capable of resolving highly heterogeneous patterns of Mn(ll) concentrations in
bioperturbed sediments. However, temporal scale of the measurements must be considered,
while the 30 min. deployment is able to elucidate the effect of bioirrigation over the Mn(ll)
distributional patterns in sediments, this time window would not reach the required temporal
resolution for sensing faster bioturbation processes (particle reworking, feeding, etc). Further
work on reversible Mn(l1) sensors is required for archiving the required temporal resolution for

the above mentioned processes.
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3.4 Conclusions

During this work, we explored the immobilization and use of Cd-TSSP as an optically
active indicator for carrying out 2-D measurements of Mn(II) in marine sedimentary deposits.
The six immobilization sub-schemes tested in this study shown different capabilities to both
entrap the chemical indicator and/or react with the analyte as a result of using D4 or a blocked
version of this hydrogel as immobilizing agent, and Cd-TSSP or a re-functionalized molecule as
chemical indicator for Mn(II) in marine sediments. Schemes including unmodified D4 hydrogel
as immobilizing agent showed low to no response to Mn(II); however, the inclusion of additives
increased response of entrapped indicator to Mn(II). However, these approaches were rejected
because internal diffusion in the resulting sensing foils reduced the spatial resolution of 2-D
measurements. On the other hand, a blocked version of the hydrogel, used as an alternative
immobilizing agent, was unable to entrap Cd-TSSP, and showed profuse release of indicator
once immersed in ASW. Re-functionalizing the indicator allowed its immobilization by using an
glutaraldehyde as crosslinker to the blocked immobilizing agent. This latter scheme showed a
positive irreversible response to Mn(Il) in marine conditions, and retained the same tolerance to
interferences, pH and salinity as Cd-TSSP in solution. The resulting sensor foil was successfully
deployed in natural sediments during incubation experiments, and allowed elucidation of

heterogeneous 2-D distributional patterns of Mn(II) in bioperturbed sediments.
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Chapter 4:

Flux measurements of Mn(l1) in marine sediments:

classical 1-D versus multi-D approaches
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Abstract

Total flux of dissolved manganese across the seawater-sediment interface is the result of
the combinations of contributions from processes like molecular diffusion, advection,
precipitation, bioturbation and bioirrigation, where the weighting coefficient for each process
depends on the physical characteristics of the sedimentary deposit, and the type and number of
organisms living in it. However, evaluation of the effects of bioturbation and bioirrigation on the
manganese flux across the seawater-sediment interface is difficult due to significant
heterogeneity and complex three dimensional reaction patterns in surface sediments caused by
the activities of various bottom dwelling fauna.

Pore water concentration gradients are commonly used to estimate chemical fluxes across
the water-sediment interface during both in situ measurements and laboratory incubation
microcosms experiments. However, the traditional approaches for solute sampling and
measurement such as regular electrodes, dialysis arrays (peepers), diffusive gradients in thin gel
film, coring, sediment extruding, and pore water separation, could smear the spatial resolution,
blur benthic organism effects, affect solute speciation (i.e. oxidation states) and even alter the
seawater-sediment interface during transport process and/or tool deployment (Burdige, 2006).

In this study | explored the use of a novel planar optode for two-dimensional and three-
dimensional determinations of Mn(I1) distribution patterns in marine sediments, oriented to
estimate manganese fluxes across the water-sediment interface during the development of
hypoxia in a 12 hours incubation experiment . Estimations based on Mn(Il) concentration
changes in overlying water, using traditional UV-VIS and AAS methods, showed that after 12
hours of anoxic incubation, fluxes across the water-sediment interface under oxygen depleted
conditions were ~ 2 umol/cm?-day. This value was in agreement with previously reported

seasonal measurements for Long Island Sound, reflecting the effect oxygen depletion has on
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increases in Mn(Il) production in deeper sediments and fluxes across the water sediment
interface. On the other hand, similar results (~ 1.5 umol/cm?-day) were obtained using 2-D
sensing schemes. However, planar optodes also provided detailed information about 2D Mn(ll)
production, consumption, and transport patterns in the sediments.

The main goal of using this planar optode for flux estimations, besides its validation as a
method for quantifying the total flux of Mn (Il) across the water-sediment interface, was to
provide multidimensional information about how manganese fluxes develop and migrate within
marine sedimentary deposits during hypoxic events, and how macrofaunal activities modify

these processes in terms of its spatial distribution and magnitudes.
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4.1 Introduction

Manganese cycling in coastal areas is highly dynamic. It involves physical, chemical and
biological components interacting with different species of this element to generate an intricate
set of transport, transformation and accumulation events affecting both its dissolved and solid
phases. In marine sedimentary deposits, manganese oxides reach the water-sediment interface by
sedimentation from overlying water and/or by lateral transport across the bottom (Sundby et al.,
1981), as well as by oxidation of reduced species of manganese produced in deeper sediments by
diagenetic processes and directed toward the surface by diffusive transport (Lovely, 1991).
Under certain conditions, the dissolved manganese supply from deeper sediments can turn over
the manganese oxide pool found at the surface in 60-100 days (Aller, 1980). Under conditions of
low oxygen in overlying waters, oxidation reactions may not occur and Mn(I1) will be released
into the overlying water as a consequence. This loss of manganese from sediments can even lead
to exhaustion of the pool (Sundby and Silverberg, 1985; Aller, 1994).

Chemical transport across the sediment-water interface has been widely discussed in the
literature, and various chemical transport processes affecting solutes on both sides of the
interface have also been reported (e.g. Duursma and Smies, 1982; Krantzberg, 1985; Santschi et
al, 1985). In the particular case of manganese, one of the goals of quantifying benthic fluxes is to
obtain depth-integrated production or consumption rates at steady state conditions. Generally
speaking, the total benthic flux can be estimated as the sum of Mn(l1) ion diffusion, bioturbation,
bioirrigation, pore water advection, and sediment resuspension or redeposition, as represented by

equation 22.

115



Frotal = Fdif + Fadv + Fhiot + Firr + Frsp (eq. 22)

Where

Fiotar: total benthic flux

Fqir: flux due to molecular diffusion

Fuiot: flux due to bioturbation

Firr: flux due to bioirrigation

Frsp: flux due to resuspension or redeposition

Sundby and Silverberg (1985) proposed a schematic representation of the flux model
described above, where marine sedimentary deposits and the overlying water column were sub-
divided into 5 reservoirs, with 2 in the water column and 3 in sediments (Figure 4.1). Particulate
manganese is produced in the first three reservoirs (surface waters, bottom water and oxic sub-
surficial sediments), while dissolved manganese is produced only in the fourth reservoir (deeper,
sub-oxic sediments), and burial into deeper sediments is represented by the fifth reservoir. A
direct interpretation of this scheme is, at steady state, that a mass balance requires that the
difference between the flux into and the flux out of each reservoir must be equivalent to
precipitation or dissolution rates in that reservoir. Additionally, it is easy to imagine that during
events involving hypoxia in bottom waters, the third and fourth reservoir would quickly merge to
form a single dissolution zone, enhancing dissolved Mn(l1) production and its release from

sediments into bottom waters.
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A traditional approach for direct estimation of fluxes across the water-sediment interface
involves the isolation of a specific vertical section of surface sediment, with a fixed volume of its
overlying water, and tracking the changes in concentration of the solute over time in the enclosed
water. This incubation of sediment and overlying water can be carried out by both in situ using
benthic chambers and by sediment microcosm incubation experiments in the laboratory.
Tengberg et al. (1995) provided an extensive review on design and use of benthic chambers for
in situ measurements of solute fluxes across the sediment-water interface, where one of the
critical aspects to consider is to avoid overlying water stratification during measurements. This
has been accomplished using several alternatives for stirring the water volume, with special
considerations to prevent both particle resuspension and increases of turbulent flow close to the
sediment water interface, which would disrupt or produce unnaturally thin diffusive boundary
layers respectively (Jorgensen and Des Marais, 1990). However, even when advances have been
made in terms of benthic chamber design and intercalibration between different available
instruments, this technique provides a “single boundary” measurement of benthic fluxes, without
information about how the fluxes are distributed or formed below the upper interface.
Additionally, some issues arise when deployed in permeable and/or biopertubed sediments since
changes in hydrodynamic conditions might influence macrofaunal activities (Tengberg et al.,
2004), or reduce local pressure changes that control advective fluxes (Burdige, 2006).

Mn(Il) flux determinations across the water-sediment interface have also been performed
during incubation experiments in the laboratory (e.g. Aller, 1980; Kristensen et al., 2002). These
studies involve estimation in a similar fashion to the benthic chambers described above, in terms
of using a known volume of sediment and overlying water, as well as a fixed area for the water-

sediment interface.
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In this study, a novel multidimensional Mn(I1) analytical technique used 2-D planar
optical sensors in bioturbated marine sediments to determine two-dimensional fluxes of Mn(Il)
during changes in oxygenation conditions at the sediment-water interface. These changes were
designed to mimic development of hypoxia. The net fluxes of Mn(I1) across the seawater-
sediment interface derived from multidimensional Mn(ll) distribution patterns were compared
with results obtained from classical 1-D methods based on spatially-averaged vertical
concentration gradients. We defined internal physical boundaries in the sedimentary deposits to
elucidate the effect of regionalized “whole” diffusive coefficients over both internal and water-
sediment interface fluxes by coupling multidimensional chemical measurements to tomographic
reconstructions of sedimentary properties. These simultaneous measures of structural patterns
and compositional gradients allowed improved mesh generation for numerical estimates of 2-D
fluxes in conditions of complex physical and redox reaction geometries.

In addition to flux measurements, Mn(ll) and Fe(ll) planar optodes were used
simultaneously with CT-scan tomographic reconstructions during incubation experiments to
elucidate the effect of the polychaete Nereis and the bivalve Macoma over 3-D distributional
patterns of this chemical species. These measurements allowed to visualize the effect of
bioirrigation produced by this two species over the geochemistry of sedimentary deposits, as well

as, their interaction with the planar optodes during deployments.

4.2 Experiment

The general scheme used for contrasting traditional “single boundary” and 2-D derived

flux estimations of Mn(ll) across the water-sediment interface during the same incubation
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experiment consisted on tracking the Mn(I1) concentration changes in the overlaying water of
four sealed cores containing natural sediments, previously kept under oxic conditions, and
opening them sequentially along a 12 hours period to deploy a Mn(lIl) planar optode in them,
discarding the core after the 2-D measurement (Table 4.1). While the scheme designed to
characterize the effect of polychaete (Nereis sp.), and bivalve (Macoma sp.) over 3-D
distributional patterns of Fe(Il) and Mn(Il) in bioperturbed sediment consisted in the
simultaneous deployment of multiple planar optodes in sieved sediments containing individuals
of the above mentioned species, characterizing the physical 3-D sedimentary structure by
measuring the cores using a CT-Scan before and during the planar optode deployments.

Incubation experiments designed to study Mn(Il) fluxes were conducted using muddy,
organic rich, coastal surficial sediment samples collected from Smithtown Bay, NY, in the fall of
2013 using a Soutar style boxcorer (0.25 m?). Sub-sampling was carried out by vertically
inserting four cylindrical glass cores (radius=7 cm; height=30 cm) into the sediment through
overlying water till the cores were about two thirds filled with sediment. The upper one third of
the cores was filled with overlying water. After sealing the two ends of each core and
transferring to the laboratory, the undisturbed sample cores were uncapped (but with tight bottom
seal) and the overlying seawater was kept aerated (salinity = 27 - 28) in the dark at 15 °C before
use.

For experiments examining the effect of benthic organisms, homogenized marine
sediment samples were prepared by using surface sediment (0-2 cm) from a coastal area close to
Quebec, Canada. Sediment was gently sieved with 1-mm mesh (no added water) and mixed. The
homogenized sediment was carefully transferred into two 11-cm radius round cores and water

from the same site was added. The sediment cores were then incubated in the laboratory at 15 °C
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with continuously aerated overlying water for 4 days to allow it to establish well-defined Mn(ll)

and Fe(ll) gradients.

4.2.1 Equipment and reagents

Spectrophotometric measurements of manganese in solution were made using a
formaldoxime based method and were carried out using a BMG Labtech SpectroStar Nano plate
reader with UV/VIS absorbance spectra and with a Graphite Furnace/Flame Perkin Elmer
Atomic Absorption Spectrometer (AAS, Analyst 800) equipped with an automated motorized
atomizer and a hollow cathode lamp for manganese. For the plate reader based UV/VIS method,
BMG Labtech 96-well microplates were used (150 puL sample per well), while samples for AAS
measurements were loaded into Teflon sample cups. For the AAS method each sample was
injected three times (50 pL) per determination. Settings, standards and sample preparations for
colorimetric and AAS measurements of dissolved manganese in solution are described in

Chapter 2 and elsewhere (Soto-Neira et al., 2011).

Two-dimensional spectrophotometric measurements of Mn(lIl) planar optodes were
carried out using a CanonScan LIDE 25 scanner equipped with a modified Contact Image
Sensor (Canon Inc.) as light source and detector, with a peak of transmittance at ~469 nm, as

described in section 3.2.2.
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4.2.2 Mn(I11) planar optodes

Optical planar sensing foils (14x5 cm), based on the immobilization of a cadmium
metalloporphyrin (Cd-TSSP) onto the surface of a chemically blocked polyurethane hydrogel
(D4), were prepared using a three layered scheme. The details of sensor optode fabrication are
described in section 3.2.6 (Sch6).

Homogeneity tests were performed on each sensing foil by following the Quad tree
procedure proposed in section 3.2.3 as a quality test. The sensor calibration was described in
section 3.2.7 but in this study we used Mn(ll) standard solutions of 0, 50, 100 and 150 uM
prepared in artificial seawater (ASW; s=35; pH: 8)..

Settings and procedures to convert the electronic signal obtained by the digitizing
process, as well as the Perona and Malik (1990) technique for noise removal (equation 19, #

iterations = 60) were performed as proposed in section 3.2.2 and 3.2.2.

4.2.3 “Single boundary” Mn(Il) flux measurements

‘Single Boundary’ Mn(II) flux estimations across the water-sediment interface have been
performed during incubation experiments in the laboratory (e.g. Aller, 1980; Kristensen et al.,
2002). In these studies, they use a known volume of sediment and overlying water (V), as well as
a fixed area for the water-sediment interface (A). Aller (1980) carried out sequential extractions
of overlying water at specific time intervals to track changes in solute concentration, estimating
fluxes across the water-sediment interface using equations 23 and 24, where the first represents

the cumulative mass of solute (M) released into overlying water from sediments at time t, and the

121



second represents the relationship between this quantity and the total flux across the water
sediment interface. The first order rate constant (k) accounts for the solute loss by precipitation

when the overlying water is oxic, when solute is redox sensitive (e.g. Mn(ll)).
M=V(C —Cy) (eq. 23)

where

M: cumulative mass of solute released into overlying water from sediments
V: volume of overlying water

C: solute concentration at time t in the overlying water

Co: initial solute concentration (t=0) in the overlying water

oM -
FT (AFiotar — kVCp)e kt (eq. 24)

where

A: water-sediment area

Ftotar: total flux

k: first order rate constant representing the precipitation kinetics of the solute

V: volume of overlying water

Co: initial solute concentration (t=0) in the overlying water
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t: flux time (progression of the experiment).

One of the assumptions of this approach is the flux Fiotal is constant and neither pore
water concentration gradients nor solute concentration changes in overlying water during
sampling affect the flux measurement.

In this study, the track of Mn(ll) concentrations in overlying water were carried out by
using three of the four cylindrical glass sediment cores described above. At the beginning of the
experiment, the cores ’control’,’t1’, and ‘t2° were sealed with caps with a non-intrusive stirring
system inside and two valves on the cap for collecting the water samples from each core
avoiding oxygen penetration (Figure 4.4 B). Six hundred microliters of overlying water were
extracted from each of this three cores for Mn(l1) determinations every 0.5 hrs during the first 6
hours of experiment, and then each 1 hour until the end, as scheduled in Table 4.1. The Mn(ll)
concentrations in the samples were analyzed by two independent methods, i.e. UV-VIS and
AAS, as mentioned above.

One-dimensional flux estimations (F) were calculated using equation 25 for overlying
water measurements. The volume of overlying water (V) and the surface sediment area (A) were
obtained from our tomographic reconstruction (e.g. Figure 4.5). Since k (the rate constant for
manganese precipitation) has an estimated value of 8x107° /min (295.15°K, pH 7.2-7.4), equation

24 can be simplified to equation 25 as proposed by Aller (1980).

P (l) a(v(c-cy))

y Y (eq. 25)
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Where

V: volume of overlying water.

A: surface sediment area.

C: measured Mn(lIl) concentration at time t.

Co: measured initial Mn(I1) concentration (t=0).

4.2.4 2-D Mn(I1) flux measurements

As mentioned above, 2-D flux estimations were calculated based on Mn(ll) concentration
gradients in pore water obtained by deploying Mn(ll) planar optodes in the same cores used for
‘single boundary’ flux estimations, discarding the sediments after the planar optode deployment.

One sensing foil was backed by an acrylic sheet (2 mm thick) and deployed in the
‘t0’core, as depicted in Figure 4.4 (A) at the beginning of the experiment. Cores ‘t1” and ‘t2’,
previously capped and used for ‘single boundary’ flux estimations, were opened after 6 and 12
hours respectively (Table 4.1), and sensing foils were deployed for 30 min in each of them to
obtain the two-dimensional Mn(l1) distribution. In each case the core cap was removed under
nitrogen and reclosed again during measurements. The remaining ‘control’ core was used just for
‘single boundary’ flux estimations.

For unperturbed fine grain sediments, total benthic Mn(ll) fluxes are calculated from
pore-water concentration gradients considering just molecular (or ion) diffusive transport,
derived from Fick’s first law of diffusion in one dimension (equation 26). This is the most basic
and generally accepted method, which includes in its formulation difference in chemical

concentration between two points, as well as the effective diffusion coefficient for porous media.
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Since the diffusion coefficient and path length between the two considered points can be
replaced by a mass transfer coefficient, this equation is valid at both sides of the interface

(Thibodeaux, 1979).

_ _ Do 8C
Fp = 02 3x (eq. 26)

Where

Fp : 1-D flux diffusive flux

¢ : porosity

Do: molecular/ionic diffusion coefficient in free solution
0: tortuosity

C : chemical concentration of the solute

X: diffusive path

By ignoring possible cross-coupling terms, the one-dimensional form of the Fick’s first
law of diffusion can be extended to its multidimensional Cartesian form, where the components

of the flux in three dimensions for a solute will be given by equation 24 (Boudreau, 1996),.

Fpx = —<PDx 5x (eq. 27)
Fpy = _QDDY 5y
Fpz = §0Dz 57
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Where:

D’x, Dy, and D’; are the diffusivities in the X, y, and z-direction, respectively
¢ : porosity

C : chemical concentration of the solute

X, Y, and Z: diffusive path in X, y and z direction, respectively.

However, determining the total flux across the water-sediment interface based only on
molecular/ion diffusion may by subject to error, even when fluxes from other processes such as
bioturbation, advection and/or resuspension are negligible. Traditional approaches consider
direct contact between pore-water in sediments and overlying water, even when the presence of a
laminar zone in the interface between both pools has been well documented, and commonly
referred as the diffusive sublayer (e.g Jorgensen and Revsbech, 1985; Burdige, 2006). This
sublayer may represent additional resistance to the transport of dissolved chemical species
through the water-sediment interface (Figure 4.2). The formation of this layer is caused by
velocity profiles created by friction between overlying waters and the boundary (e.g. Boudreau,
1996; Boudreau and Jorgensen, 2001).

In this study, flux determinations from two-dimensional Mn(Il) concentration datasets
were calculated using equation 27, where porosity (¢) was considered to equal 1.0 for the first 2
cm and 0.67 for deeper sediments, based on previous discrete measurements of density carried
for Smithtown Bay sediments. Correction for relative changes in the bulk density were applied
based on density difference, represented by intensity changes in X-ray images, calculated using

tomographic reconstructions carried using a rotatory table and a digital x-ray screen (LTX-1717
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digital flat panel) (Figure 4.5). Two-dimensional gradient calculations were carried out using
Matlab ® internal functions.

Basic tomographic reconstructions of round cores were carried by mounting them on a
rotating table, and sequentially capturing x-ray images of the cores during a 360 degrees rotation
cycle (angular resolution of 5 degrees). Each 2-D x-ray image was stored as a matrix array,
including the angle at which it was captured, and 3-D volumes of intensity were estimated by
geo-referencing every x-ray image, defining the intersection between the base of the core with
the rotation axis as origin, and calculating polar coordinates for each pixel using the angle of
capture and the known dimensions of the core. Intensity values were standardized using
overlying water values as reference (set to 1). Angular resolution of this reconstruction, as well
as the low exposure time allowed by the digital x-ray screen didn’t allow to generate high
resolution reconstructions, however, this data was used just as a rough method to determine
density changes in sediments.

The accuracy of neglecting Mn(I1) precipitation in the overlying water for flux
calculation purposes (equation 24 simplified to 25) was tested by simultaneously deploying
two-dimensional sensor foils for Mn(l1) and Fe(ll) (Zhu et al., 2012). This test was carried by
using a sediment core collected during the same sampling time as described above. Sensing foils
were deployed in a similar fashion to the procedure depicted in Figure 4.4(A) by using Acrylic
sheet as sensor holder, while fixing the Mn(lIl) sensing foil on one side of the holder and the
Fe(Il) sensing foil on the other. The methods used for core incubation, sensor deployment, 2-D
distributions of Mn(1l) and Fe(l1), and flux calculation are the same as the individual 2-D Mn(lI)

flux measurement.
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4.2.5 3-D Mn(Il) and Fe(l1) determinations and fluxes

Three-dimensional distributional patterns of Mn(I1) and Fe(ll) were reconstructed from
multiple parallel two-dimensional measurements carried using planar optodes. Multiple sensors
were deployed simultaneously in a 7-cm radius core containing natural sediments (3D corel) and
two 11 cm radius round cores (3D core2 and 3D core3) containing incubated sieved sediments
(e.g. Figure 4.6A). The 7-cm diameter core had no signs of macrofaunal activity, while
polichaeta Nereis sp. and bivalve Macoma sp. were introduced into two 11 cm radius round
cores (3D core2 and 3D core3), respectively, and allowed to settle for one day before sensor
deployment. Overlying water in both cores was aerated to keep oxic conditions at surface.

CT-scan measurements were carried out for the 11 cm radius cores before and during the
deployment of sensor foils (Figure 4.6B). Measurements made before deployment were used to
elucidate sedimentary structures generated by the animals, and to permit targeting specific
structures with the foils, while CT-scan data obtained during deployments was used to geolocate
the sensors in the sedimentary deposit (e.g. Figure 4.7 A and B). Imaging treatment was made
using proprietary software of the instrument, and later treatments using Matlab image toolbox
were carried for visualization purposes. In addition, the density filtration carried by the
proprietary software for CT-scan, which defines the burrow visualization, must be considered,
assuming that visual representations generated using this technique are approximations modelled
by subjective boundary definitions. For this reason, further studies are required to utilize this tool

as a quantitative method.
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4.3 Results and discussion

After 12 hours of anoxic incubation, the traditional one dimensional approach for
determining Mn(I1) fluxes across the water-sediment interface under oxygen depleted conditions
gave fluxes of 2.2 +1.7 umol cm day?, 1.9 +0.5 umol cm day*, and 2.6 +1.8 pmol cm™ day*
for the ‘control’, ‘t1” and ‘t2’ cores, respectively, with increases of Mn(Il) production with time.
These values are consistent with previously reported seasonal for central Long Island Sound (e.g.
Aller, 1980), and its order of magnitude contrast with much lower values reported for oxic
sediments in coastal areas (e.g. Eaton, 1979), supporting the interpretation of hypoxia
development as the driving process for Mn(ll) flux enhancement across the water-sediment
interface (Figure 4.8).

We would expect that manganese precipitation by oxygen would decrease after the initial
period of hypoxia development, and that manganese precipitation as (for example) MnCO3 and
products of sulfate reduction could be ignored in this case. Dissolved manganese concentrations
continuously increased (Figure 4.8) in the overlying water even after twelve hours.

Two-dimensional distribution patterns obtained from Mn(I1) planar sensors for t0, t1, and
t2 are shown in Figure 4.9. At t0, two sub-surface areas exhibited higher Mn(ll) concentrations,
and there was the expected decrease toward the water sediment interface, suggesting oxygen
penetration at least in the first half centimeter from surface. Mn(Il) was undetectable at the core
bottom, which can be interpreted as precipitation by reaction with anaerobic metabolites
produced during sulfate consumption. The sensor deployed after six hours of incubation (t1)
shown a higher Mn(I1) concentrations, particularly near the interface, suggesting the

consumption of oxygen in both near surface sediments and overlying water and dissolution and
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migration of Mn(1l) upward. The low Mn(1l) mid-depth region in t1 may be due to bioturbation.
However, the formation of sub-regions of Mn(ll) production by microbial reduction of
manganese oxides is more like to account for this distributional pattern. Residual oxygen
supplied by bioturbation is rejected as the cause for the lower middepth manganese since oxygen
is expected to be depleted after six hours of hypoxia development.

The sensor foil deployed after 12 hours (‘t2’) shown the highest Mn(II) concentrations,
with an almost homogeneous distribution below the surface. As expected, hypoxia enhanced
manganese reduction reactions, and molecular diffusive processes would generate a
homogeneous distribution of the analyte in the incubated sediments. Additionally, the Mn(Il)
signal in the sensing area exposed to overlying water shown increases of Mn(ll) concentrations,
and its non-homogeneous distribution was attributed to circulation patterns generated during the

sensor deployment.

The size of the fluxes estimated for the sediment water interface using this two
dimensional sensing scheme and equation 24 were in the same range as provided by the one
dimensional method , with 0.68+1.31 pmol/cm? day, 1.66+1.08 pmol/cm? day and 2.19+1.58
pmol/cm? day for t0, t1 and t2, respectively (Figure 4.10). However, the two dimensional
gradient calculations provided additional information about where in the sedimentary deposit
Mn(I1) builds up, and how the formation of regions with higher flux below the surface modifies
the supply of Mn(ll) to the upper section of sediment (Figure 4.10 and 4.11).

At t0, the two-dimensional distribution patterns of flux showed two sub-surface peaks
(Figures 4.10). The first was a near-surface isolated area (right, below water-sediment interface)
and is interpreted as molecular diffusion from deeper sediments. The much lower fluxes found at

the left of this sub-region are probably affected by oxygen penetration into the first centimeter of
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sediment. On the other hand, the second sub- region found at t0, located as a horizontal band
crossing the image at mid-depth represents both production and molecular diffusive transport of
Mn(Il) in sub-oxic sediments. Low concentration gradients at the bottom left of the core reduce
the average value calculated during the conversion of two dimensional gradients to its one
dimensional equivalent.

Mn(I1) fluxes calculated from the sensing foil deployed after 6 hours (t1) showed major
flux areas located in deeper sediments than at t0. This could be interpreted as a result of new
patches of manganese reduction, and molecular diffusion produced by the gradient generated
between higher concentrations at mid-depth and deeper lower concentration areas. A special
feature was the flux peak area located just below the water-sediment interface (Figure 4.10, t1,
left), suggesting the presence of a diffusive boundary layer in the right hand side of the core.
Since t1 Mn(l1) concentrations are high near the water sediment interface (Figure 4.10), the
presence of this single area of higher fluxes in one side of the sensor implies the Mn(ll) release
in the adjacent areas of the interface has been reduced or blocked, which is a characteristic of
interfaces where a significant diffusive boundary layer is present. This interpretation is supported
by the fluxes calculated from t2 (deployed after 12 hours), since this sensor depicted a
homogeneous horizontal band of high fluxes matching the location of the water sediment
interface, which could be a result of an artifact generated by the diffusive boundary layer, where
the Mn(I1) gradient in the water-sediment interface is increased by slowing down the Mn(ll) flux
into overlying water due to possible concentration of the analyte below and in the diffusive
boundary layer, but slowly released to the overlaying water.

In addition, further research must be conducted to elucidate the effect of core diameters

over the preservation of the diffusive boundary layer. Circulation patterns in overlying waters
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generated by stirring systems could unevenly disrupt the diffusive boundary layer, producing
artifacts during flux estimations using both ‘single boundary’and/or planar optode approaches.

The average of the two-dimensional flux calculations in each horizontal layer provides a
one-dimensional representation of fluxes along the vertical dimension of the sediments (Figure
4.11). This figure not only depicts how fluxes migrate to the water-sediment interface, as
discussed above, but also visualizes the horizontal variability of these calculations. By
comparing the values of t0 (blue), t1 (red), and t2(black), we can visualize the effect of
developing hypoxia in overlying waters over the Mn(ll) removal from sediments, as discussed in
section 4.1. Nevertheless, the twelve hours of this experiment were not enough to produce
exhaustion of the manganese pool in sediments.

Additional flux calculations were carried out for multiple sensors deployed during
incubation experiments using bioturbated sediments (chapter 3, Figure 3.19). As depicted in
Figure 3.19(A), the sedimentary deposit is highly perturbed by Yoldia sp., so discrete density
measurements would not allow accurate flux measurements using the two-dimensional Mn(l1l)
dataset from the sensors deployed in this experiment. However, instead we calculated two-
dimensional concentration gradients shown in Figure 4.12 which can be used as an indirect
representation of two-dimensional flux determinations. These gradients were highly
heterogeneous on a small scale, in contrast to with the fluxes shown in other incubation
experiments (e.g. Figure 4.10). Sensor 4 in this set was the only sensor to show a distinctive area
where higher fluxes were located. The interpretation for this experiment was that bioirrigation
over the main portion of the incubated sediments was tending to cause very patchy distributions.
Oxygen penetration and Mn(ll) ion diffusion through bioirrigated sediments could produce this

heterogeneous distribution of gradients by decreasing the chemical gradients and enhancing
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transport. In this particular incubation experiment, the lack of a deeper sub-oxic reservoir of
Mn(I1) reduced the total flux of this element into shallower sediments even when the water-
sediment interface effective area was increased by macrofaunal activities.

Two-dimensional distribution patterns of Mn(ll) and Fe(ll) obtained from simultaneous
deployment of Mn(ll) and Fe(ll) sensing foils are shown in Figure 4.13, where vertical
distribution of the two elements is opposite to that expected from traditional diagenetic
sequences (Fe(Il) typically appears under more anoxic conditions than Mn(ll)). This distribution
pattern could be obtained by intrusion of oxygen into the deeper portions of the sedimentary
deposits, oxidizing Fe(ll) at a much faster rate than Mn(ll), but giving enough time for
manganese to be transported by diffusion to both shallower and deeper sediments, or by non-
biologically mediated reactions as mineral formation. Additionally, the lack of Fe(ll) in the
overlying water, in contrast with the Mn(ll) detected above the sediment surface, would support
the interpretation of oxygen penetration into sediments as the source of this irregular pattern
since Fe(I1) would be precipitated mush faster than Mn(ll).

Three-dimensional Mn(I1) distributions were obtained by simultaneously deploying
multiple sensors in 3D corel as depicted in Figure 4.14. The distributional patterns showed
concentrations lower than 20 uM at surface, increasing with depth, reaching values over 160 uM
in at the bottom of the sensing depth (6 cm). The general distribution of Mn(ll) in this
reconstructed volume matches the expected values for sediments overlaid with well oxygenated
waters; nevertheless, the lack of decreasing values at the bottom suggest sensors were not
deployed deep enough to fully characterize the depth where manganese concentrations are

reduced during precipitation reactions.
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An special feature of the reconstructed Mn(Il) volume was the concavity exposed by
lower concentrations (from shallower to the sides of the core in Figure 4.14 to deeper in the
middle of the core). This feature was interpreted as an artifact of the overlying water circulation
pattern, which could enhance oxygen penetration at the center due to the small radius of the core.
Additionally, the lack of a three-dimensional density dataset for this core won’t allow us to
estimate three dimensional fluxes of Mn(ll) even when though chemical gradients are available.

Three-dimensional reconstructions of Mn(ll) distributional patterns were not possible for
3D core2 and 3D core3 since very low concentrations of Mn(l1) were detected. Nevertheless,
Fe(I1) sensors successfully provided two dimensional distributional patterns of Fe(ll) (3D core2,
Figure 4.15A and 3D core3, 4.16B).

Two-dimensional Fe(ll) distributional patterns showed the effect of bioturbation by
showing changes in concentration from sensor to sensor, featuring areas of low Fe(ll)
concentrations surrounded by higher concentrations (Figure 4.15A), as expected for sediments
burrowed by a polychaete such as Nereis. Nevertheless, the calculated two-dimensional gradients
depicted the same trend in all the sensors deployed in this core (Figure 4.15B), with higher
values following the water-sediment interface. The lack of density data to calibrate tomographic
reconstructions does not allow the estimation of total fluxes; nevertheless, for sieved sediments is
expected the two-dimensional gradients of Fe(ll) would provide an estimation of relative
distribution of fluxes.

Figure 4.16 (A) depicts the location of the sensor foil deployed to visualize the effect of
sedimentary structures generated by Macoma sp. on Fe(lIl) distributional patterns. In this
reconstruction, the syphons and valves of the animal can be clearly seen, matching very closely

to the features represented in the two dimensional distribution patterns of Fe(ll) depicted in
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Figure 4.16(B) for the same location. This was interpreted as evidence of oxygen penetration into
deeper sediments through the burrows created by the syphons. Additionally, the two
dimensional concentration gradients (Figure 4.16C), calculated from the dataset shown in Figure
4.16(B), closely followed the location of both animals detected with the tomographic
reconstruction (Figure 4.16 A). The high gradient of Fe(Il) round the biogenic structures and in

the burrow wall implies a high flux of Fe(ll) into overlying water through the burrow.

4.4 Conclusions

Results from 2D Mn(I1) sensors showed that when overlying water was well oxygenated
there was a complex set of Mn(ll) gradients within bioturbated deposits. As oxygen in overlying
water decreased, as occurs during a hypoxia event, internal gradients dissipated. Anoxic
incubation experiments also showed that the net vertical flux of Mn(ll) across the upper sediment
water interface was comparable when measured using traditional 1-D and our new 2-D method
despite complex sub-surficial reaction patterns in the marine sediments. However, the use of two
dimensional Mn(ll) planar optodes allowed visualization of the formation of heterogeneously
distributed fluxes in deeper sediments when overlying water was oxic, and and to see migration
of the zone of highest flux toward the water-sediment interface as anoxic conditions develop
over surface sediments.

Results from both 1-D and 2-D methods for Mn(Il) flux determinations also suggested
that during development of anoxic conditions in overlying waters, fluxes across the water
sediment interface produced by concentration gradients in this boundary are slowed down during

early stages of anoxia, but after hours of increased Mn(Il) production in deeper sediments, the
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fluxes may increase rapidly, possibly due to physical disruptions of the diffuse boundary layer.
However, this could be one of the possible patterns to follow during development of anoxia in
sediments, and further studies are required.

In sieved sediments to which benthic fauna had been added, estimates of relative flux
derived from two-dimensional gradients of pore water concentrations allowed us to visualize
heterogeneous flux patterns generated by bioirrigation, showing how oxygen intrusion and
enhanced molecular diffusion could increase total fluxes of Mn(ll) into overlying waters.

In conclusion, a novel planar optode with capabilities to determine two-dimensional and 3-
dimensional distributional patterns of Mn(ll) in marine sediments provides a valuable alternative
for measurement of benthic fluxes of this analyte. As well, it provides important information
about both the formation of sub-surficial fluxes, and the effect macrofaunal activity over these

processes.
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Summary of major findings

The nature of manganese cycling in coastal areas is highly dynamic. It involves physical,
chemical and biological components interacting with different species of this element to generate
an intricate set of transport, accumulation, and chemical transformation events affecting both its
dissolved and solid phases. A wide spectra of inorganic and biologically mediated reactions in
which the different species of manganese are involved, as well as a range of physical processes
which drive the transport and accumulation of these species in marine environments.

In this work, progress in quantification methods of dissolved manganese in marine
sedimentary deposits was accomplished by developing new spectrophotometric techniques based
on transmetallation reaction between 4,4°,4“,4*“-(Porphirine-5,10,15,20-tetrayl)tetrakis
(benzenesulfonic acid) cadmium complex (Cd-TSPP) and Mn(ll) for determining chemical
concentrations of dissolved Mn(Il) in pore water from marine sediments. This method showed a
good analytical response to Mn(ll) under characteristic values of pH, temperature, salinity, and
interference levels in marine sedimentary environments. In this technique, the second derivative
method for analysis of absorbance spectra was implemented, allowing improved peak
identification and analytical calibration and providing a reliable method for Mn(Il)
determinations up to 37.5 uM Mn(ll) for 200 pL samples, with detection limits of 0.4 and 0.3
KM Mn (1) using end-point absorbance and second derivative approach, respectively.

Even though there is a wide variety of analytical approaches for determining Mn(ll) in
marine environments, with different levels of precision, operational cost, and sample volume
requirements (see chapter 1), the advantages of the UV-VIS method developed in this

dissertation over, for example, the traditional formaldoxime method are the procedure simplicity,
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the high selectivity, good precision and accuracy, the high throughput sample analysis, and low
volume (<200 pL) sample consumption. The method can also be readily utilized to
simultaneously determine multiple samples (up to 96 or 386) when the analysis is performed
using a plate reader spectrometer.

The method developed in this work for Mn(l1) determinations provides the foundation for
new technologies based on low cost colorimetric methods and affordable instrumentation. In
particular, the properties of Cd-TSPP make it a very attractive alternative for use in developing
optical sensing schemes for in situ measurements, profilers, microsensors, and planar optodes in
marine environments. Testing the analytical properties of Cd-TSSP as a chemical indicator for
Mn(Il) determinations in marine environments was necessary for the development of an
irreversible planar optode with capabilities to determine two-dimensional distributional patterns
of Mn(ll) in sedimentary deposits.

Multiple possible sensing schemes for an irreversible planar optode based on the
colorimetric reaction of Mn(ll) with immobilized Cd-TSSP or its derivative, involving both
chemical and numerical aspects, were explored. After optimizing different possible schemes, a
functionalized Cd-TSSP immobilized in a blocked version of D4 hydrogel was selected as the
most suitable sensor design. This sensing scheme showed suitable dynamic range, tolerance to
interferences, with no effect of salinity changes over measurements, to perform 2-D
measurements of Mn(Il) in marine sediments.

During the sensor development, including the design of both one- and two-dimensional
methods for determining Mn(ll) in marine environments, it was found that the use of numerical
analysis is fundamental for acquisition and evaluation of chemical data. For absorbance methods,

utilizing the second derivative approach, involving the use of Gaussian characterizations of
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spectral data, represented a significant improvement for Mn(l1) determinations in pore water in
the presence of high concentrations of interfering cations. While for the 2-D planar optical
sensor development, color space transformations, homogeneity tests for the sensing foils (e.g.
Quad tree method), and noise removal algorithms such as the Perona and Malik methods were
critical steps for improving conversion of electronic signals (e.g. digitized images) into chemical
information.

The irreversible planar optode for Mn(l1) sensing developed in chapter 3 was successfully
applied to in-situ mapping of 2-dimensional Mn(Il) distribution patterns with high spatial
resolutions in bioturbated marine sediments and depicting the natural heterogeneity of dissolved
Mn(Il) in bioperturbed marine sediments with minimal impact on natural sedimentary structures
during its deployment. Traditional one-dimensional methods for determination of Mn(ll) lack
both the spatial resolution and the non-intrusive sampling required to elucidate the natural
heterogeneity of bioperturbed sediments, where macrofaunal activities as burrowing and feeding
would generate highly intricate three-dimensional sedimentary structures. The novel planar
optode is envisioned as a significant advance for spatial and temporal in-situ quantification of
Mn(1l) in complex marine sedimentary deposits, allowing us to directly discern the 2-D Mn(Il)
distribution patterns associated to the biogenic sediment structures and benthic organism
activities, and enhance our understanding of manganese biogeochemical cycling in marine
deposits. Another advantage of the irreversible Mn(Il) optical sensor is its easy and convenient
in-situ application. Because the sensor optode foil can be readily inserted into sediment along
with the support of plastic sheet and the chemical reaction of sensor with Mn(ll) is irreversible,
it’s not necessary to bring complicated and bulky camera systems to the field for in-situ 2-D

Mn(l1) measurements in shallow water environments (<1 m) such as wetland, marshes, coastal
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mudbank etc. The sensor optodes can be directly inserted into the sediment for 30 min; the color
developed sensor foil withdrawn, rinsed with water and brought back to laboratory for scanning.

In chapter 4, the Mn(ll) planar optode was tested as an alternative method to determine
benthic fluxes of dissolved Mn(ll) at both the water-sediment interface and in sub-surface
sediments during anoxic incubation experiments designed to mimic the development of hypoxic
conditions in overlying water. Two-dimensional flux distributional patterns were calculated
using a multidimensional Cartesian expression of Fick’s first law and compared with traditional
flux measurements based on tracking the changes of Mn(ll) concentrations in the overlying
water of incubated sediments. Results from both the traditional one- and novel two-dimensional
flux measurements were in agreement with previously reported seasonal measurements for the
sampling region in central Long Island Sound. Planar optodes provided additional information
about dissolved manganese production and migration in deeper sediments, and how the
formation of regions with higher fluxes below the surface modify the supply of Mn(ll) to the
upper section of sediment. In addition, planar sensors allow visualization of the effect of the
diffusive boundary layer on the flux calculations based on pore water concentration gradients.

Additional relative flux calculations were carried out for bioturbated sediments during
incubation experiments by simultaneously deploying multiple parallel Mn(Il) planar optodes..
Given the lack of detailed information for porosity and density, relative distributions of Mn(Il)
fluxes were represented by two-dimensional concentration gradients. Resulting data showed the
effect of sedimentary processes such as bioirrigation on patterns of Mn(l1) fluxes, revealing
highly heterogeneous distributions for high gradient regions in the bioturbated subsurface zone,
as well as decreased magnitudes for both Mn(l1) concentrations and net fluxes across burrow

walls due to oxygen penetration into deeper sediments. Additionally, this set up allowed to
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generate three dimensional reconstruction of chemical concentrations of Mn(ll) in sedimentary
deposits, providing an expansion of our analytical capabilities to characterize chemical
environments during benthic studies.

In conclusion, novel spectrophotometric techniques for one-, two-, and three-dimensional
determination of Mn(ll) in marine sedimentary deposits have been developed in this study, and
they represent new approaches for the study of manganese cycling in marine environments. The
one-dimensional method provides a simple and fast alternative for determining Mn(ll) in pore
water, with capabilities to determine literally hundreds of samples simultaneously, while the
planar optode successfully elucidates two-dimensional distribution patterns of Mn(lIl) in highly
heterogeneous bioperturbed sediments, and provides an alternative method for Mn(I1) flux

estimations across both the water-sediment interface and deeper sediments.

Future work

As introduced in chapter 1, imaging techniques ranging from submarine optical systems,
oriented to characterize macrofaunal activities and sedimentary structures, to planar optode
technologies used for chemical characterization of sedimentary deposits have been widely
employed in benthic studies. In the work of this dissertation, the development of Mn(ll)
irreversible planar optode expands the analytic options for multidimensional chemical
measurements in marine sedimentary deposits, visualizing benthic processes previously
described solely by conceptual models based on classical intrusive one-dimensional methods of
chemical determinations. Nevertheless, our capabilities for determine multidimensional chemical

distribution of key elements in marine geochemical cycles is not the only limitation to fully
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characterize marine sedimentary deposits, and the chemical processes occurring in it. As stated
in chapter 1, physical and biological processes interact with different chemical species,
generating intricate and highly dynamic elemental cycling in benthic systems. For this reason,
the challenge is to develop techniques to expand the multidimensional analysis of benthic system
to all, chemical, physical and biological aspects of this environments. On this matter,
development of instruments for in situ multidimensional characterization of physical structures
in marine sedimentary deposits, with capabilities to estimate parameters as density or porosity,
would be fundamental to take full advantage of the chemical multidimensional information
provided by planar optode technology.

Another aspect to consider as future work in benthic studies using planar optodes is the
development of new methodologies and instrumentation for its deployment during in situ
measurements. Developing new autonomous benthic landers with capabilities to carry in situ
experiments using multiple analytical techniques, complementing the information provided by
planar optodes would become fundamental to expand the variety of environments and aspects of
benthic biogeochemical cycling approached by using thi sensors.

The use of 2D X-ray imaging and tomographic reconstruction based on CT-scanning
during deployments of Mn(I1) planar optodes provided valuable information about sedimentary
structures generated by macrofaunal activities, as well as, the exact position of animals during
experiments. Additionally, this sources of information provided precise geo-referencing for the
sensor position during the deployments in marine sediments. However, limitations and accuracy
issues arose during the analysis of tomographic data due to the medical orientation of the
proprietary software used by the CT-scan. These issues were partially overcome by using

visualization and filtering techniques incorporated in the image toolbox of MATLAB. Therefore,
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developing software designed specifically to reconstruct sedimentary structures is necessary. So,
in order provide quantitative information about three-dimensional sedimentary structure, and
being able to match this information with multidimensional chemical information provided by
planar optodes, additional work must be done improving tomographic reconstructions of
bioperturbed sedimentary environments, enhancing the use of these sensors for three-
dimensional flux determinations.

In terms of future work with Mn(lIl) planar optodes, the capabilities to elucidate intricate
distributional patterns of the analyte in bioperturbed sediments, and its use for estimating two-
dimensional flux distributions in both the water-sediment interface and sub-surface sediments,
suggest there is extensive work to be carried out using this sensing scheme to quantify specie-
specific macrofaunal effects on Mn(Il) distributions and fluxes in a diverse set of benthic
environments. Additionally, shortening the time of deployment required by Mn(ll) sensors , for
increasing the temporal resolution of measurements, as well as , the development of reversible
sensors for this analyte would represent future areas to be explore.

The spatial scale required for addressing scientific questions related to specie-specific
effects of animal activities over chemical environments in marine sedimentary deposits using the
sensing scheme proposed in this work would be directly related to the size of sedimentary
structure to be analyzed. For organisms as Nereis or Macoma, sensors with size in the decimeter
scale would be appropriate to characterize the chemical environment, while new techniques and
advances in instrumentation would be required for carrying deployments of bigger sensors into
deeper sediments. Additionally, must be kept on mind this sensor is designed to characterize
specific environments, instead of surveying extensive coastal regions. To accomplish the last, a

probabilistic analysis must be carried by deploying multiple sensors in representative areas.
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In summary, the techniques for one- and two-dimensional Mn(Il) determinations in
marine pore waters developed in this work expand our analytical capabilities to study
biogeochemical cycles in marine deposites, allowing us to elucidate the intricate spatial
distributional patterns of both Mn(ll) concentrations and fluxes in bioperturbed sediments,
providing new insights into Mn(I1) biogeochemical processes that was previously undocumented
or studied just in a theoretical way. But, more research in terms of tomographic reconstruction of

sediments needs to be done for the 3-D Mn(Il) flux measurements and model development.
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Table 2.1

Estimated parameters, fitting error (eq.14) and second derivative (eq. 15) values at 469 nm for

Gaussian curves (eq. 13) fitted to the Mn-TSPP peak for each solution used in the calibration curve.

Tables

guin ueissneo

(€ "b3)

Mn(ll) added

7.5 3.750 1.875 0.938 0.469 0.234 0.117 0.059 mean SD
(nmol)/well
Ao 1.003 1.003 0.525 0.290 0.167 0.102 0.074 0.062
q 0.288 0.288 0.201 0.215 0.216 0.189 0.192 0.190 0.227 | 0.052
w 15.97673 | 15.977 16.037 16.066 | 16.084 | 16.016 | 15.954 | 16.031 | 16.013 | 0.053
Xo(nm) 469
d -4Ln(2)
err (eq. 4) 0.003655 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.002 | 0.005
2d derivative

-0.03852 -0.022 -0.011 -0.006 -0.004 | -0.002 | -0.002 | -0.001
at 468 (eq. 5)
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Table 2.2

The Effect of foreign ions on the determination of 10 pM Mn?* solutions (2 nmol Mn/well; sample

volume: 200 pL; T=298.15°K; pH 8 and 35 psu).

Relative error (%)

Foreign ions Concentration (uM) 2" deriv. Single absorbance
Pb?* 1 0.06 1.09
AR 1 0.03 0.05
Fe?* 24.88 0.07 2.53

Li* 100 0.33 4.99
Ni%* 100 0.32 0.67
Sr 100 0.37 6.42
n?* 1 0.19 11.22
Cu® 1 0.13 8.75
Cr¥* 1 0.13 16.15
Co* 1 0.08 12.56
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Table 2.3

Comparison of proposed 2" derivative and single absorbance methods with formaldoxime method

for determination of Mn?" in oxidized and filtered porewater matrixes.

Oxidized  Added Recovered [Mn?*] + SD (uM), (n=4)

P t M 2+
orewater [(Mﬁ/D] 2" Derivative ~ Single absorbance ~ Formaldoxime

method (AA469-290) Method
1 9.40 9.44+0.20 9.5240.22 11.40%0.76
2 10.00 9.99+0.13 10.09+0.13 10.78+0.62
3 9.40 9.61+0.39 9.59+0.40 9.20+0.22
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Table 2.4

Determination of Mn?* in pore water from Great Peconic Bay and Long Island Sound using both

formaldoxime and proposed Cd-TSPP methods (single absorbance and 2™ derivative).

Methods
Mean (LM) £SD (n=4)

Formaldoxime Single absorbance 2" derivative

Sample site

Great Peconic Bay 65.312.1 64.4+0.54 65.3£0.83
Long Island Sound 90.48+2.9 95.7£1.51 96.8£2.08

199



Table 3.1

Combinations of supporting material (S), immobilizing agent (I1A; IA1: D4 and 1A2: alcohol
blocked D4) and indicator solution (IN; undiluted (INstock), in water (IN1), in a ethyl alcohol 97%
(IN2), and modified porphyrin (IN3)) utilized to prepare sensing foils for each tested

immobilization sub-scheme.

Sub-
scheme

wm

1A2

| Nstock

IN1

IN3

Schl

Sch2

Sch3

XX |X| >

Sch4

Schb

Scho6

XXX XXX

X[ X[ X
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Table 3.2

Summary of indicator release from entrapment attemps using the different sub-schemes proposed

in this study (n.d: non detectable).

Sub- Indicator release from entrapment
scheme

Schl Low

Sch2 Low

Sch3 n.d

Sch4 \ery high

Sch5 \ery high

Sché n.d
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Table 3.3

Summary of reactivity test results for each sub-scheme proposed in this study, excepting Sch 4
and Sch5, which were discarded because their profuse release of chemical indicator into the
immersing solution.

Sub- Sub-scheme response to Mn(l1) (reactivity test)
scheme
Schl No response
Sch2 Slow reaction rate
Sch3 Slow reaction rate
Sch4 non tested (immobilization issues)
Sch5 non tested (immobilization issues)
Sch6 Positive response (useful reaction rate for Mn(l1) determinations
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Table 4.1

Summarized schedule of core sealing (X), overlying water sampling (S), and opening & two

dimensional sensor deployment (2DS) for cores used during flux experiments.

Core t: 0 hrs. t €]0,6[ hrs. | t:6hrs t €16,12[ hrs. | T: 12 hrs.
‘control’ | X,S S S S S

‘0’ 2DS

‘t1’ X,S

‘12’ X,S
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