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Summary

The early diagenetic processes that belong to the sea floor are determinant for the

evolution of biogeochemical cycles in the ocean. The understanding of the sediment-

water interface mechanisms, that control remineralization rates of organic matter in

marine sediments, is essential for the assessment of carbon resevoirs, fluxes and turnover

times. Those processes and their fashion, play a crucial role in regulating present Earth

system dynamics.

Organic matter mineralization rates and burial efficiency in deep-sea sediments may be

more dynamic than previously thought, as a response to changes in the carbon export

from the water column (either from a seasonal point of view or as a possible conse-

quence of climate change). Similarly, the contribution of coastal permeable sediments to

global mineralization rates is not yet well quantified, due to the difficulty in accounting

for complex factors that influence biogeochemical processes in sands (e.g. pore water

advection and groundwater discharge).

A widely used proxy for carbon mineralization rates are oxygen benthic flux measure-

ments, which, in order to be trustfully representative of the ongoing biogeochemical

processes, need to be taken directly at the seafloor. Especially when studying deep-sea

sediments and permeable sands, in situ flux measurements are necessary to account for

conditions that could affect the reactions at the sediment-water interface (e.g. local

hydrodynamics, flow topography, natural light condition), as well as to avoid artifacts

generated by sediment core retrieval. In this context, pore water profilers, benthic cham-

bers and eddy correlation systems, became fundamental technologies.

This work combines in situ measurements of benthic fluxes (particularly oxygen) with

different methods in order to achieve a multiscale approach, from which it is possible

to 1) point out methodological limits, 2) gain new insights into benthic biogeochemical

processes. Most of the work presented in this thesis was focused on the eddy correlation

(EC) technique. Among all the techniques used for quantifying benthic oxygen fluxes,

this approach allows to quantitatively address benthic exchanges integrated over several

square meters without interfering with the seafloor, thus usable in systems that are so

far under-studied with respect to carbon mineralization. In addition the EC technique

has the potential to perform long-term measurements under in situ conditions. However,

general and objective evaluation criteria for its measurements are currently being defined.

In Chapter 2 it was investigated how, for EC measurements, the (necessary) distance

between the oxygen sensor tip and the velocity sampling volume, and the response time

of the oxygen sensor, can bias the derived benthic oxygen fluxes. The results indicate

that some of the EC-flux variability, often encountered in field applications, can be



related to the orientation of the device with respect to the flow direction. We therefore

provide suggestions for designing EC field deployments as well as for data processing,

ameliorating knowledge for an accurate interpretation of the fluxes.

In Chapter 3 we examine the effect of non steady-state oxygen concentrations and current

velocities on EC-fluxes. The results suggest that the velocity and oxygen concentration

time series recorded during EC-deployments, as well as their rates of change, need to be

carefully analyzed, in order to estimate how these factors may confound the true benthic

flux. We show how the probability of erroneous flux estimations during transient con-

ditions is higher for short deployments, while extended sampling periods would average

out the biases leading to a trustworthy mean flux.

In Chapter 4 we present the deepest (2500 m) and lowest oxygen fluxes at the sediment-

water interface (1 mmol m−2 d−1) ever achieved with the EC technique. The applied

post processing procedures and significance tests, were novel and necessary to deal with

the limiting conditions that were found at this oligotrophic Arctic deep-sea site with

low sediment respiration rates and low turbulence regimes (2-4 cm s−1). Furthermore,

the agreement of the obtained EC fluxes with other measurements (microprofiler and

benthic chamber) allowed to confirm that deep-sea sediments in the Arctic have low

oxygen uptake rates and faunal contribution to the remineralization of organic matter

is rather small.

In Chapter 5 we evaluate the effect of submarine groundwater discharge (SGD) on min-

eralization pathways and net community production of sandy sediments. Benthic flux

measurements (obtained by stirred benthic chambers) indicate that aerobic oxidation of

organic matter represents the main mineralization pathway, and similar rates of total

oxygen uptake are observed at two adjacent sites (impacted and non-impacted by SGD).

Furthermore, the SGD supply of phosphate and silicate to the water column, that was

observed at the seep site, was not reflected on net primary productivity. The main differ-

ence observed between biogeochemical processes at the two sites was driven by the supply

of methane by SGD at the seep site, where anaerobic oxidation of methane (AOM) is

indicated as an important process taking place in the surface sediment sublayers (7-10

cm).

In the perspective that in situ observations of benthic systems need to be disseminated

more and improved in a way to be capable to determine whether a system is changing

on long time scales, this work represents a next step for taking full advantage of one

of the techniques that have this potential, i.e. aquatic eddy correlation. Furthermore,

this work advances our understanding of dynamic benthic exchange processes in deep-

sea and permeable sediments. The techniques that were applied and improved during



this thesis, can provide important information on the status of ecosystems, and may

therefore also contribute to ecosystem based management strategies.



Zusammenfassung

Die Remineralisierung organischen Materials am Meeresboden ist ein wichtiger Teil des

Kohlenstoffkreislaufs, weshalb die Bestimmung von Mineralisierungsraten notwendig ist,

um das globale Kohlenstoffbudget besser einschätzen zu können.

Die Mineralisierungsraten und die Effizienz mit der organisches Material in Tiefseesedi-

menten langfristig gespeichert wird, sind möglicherweise dynamischer als bisher angenom-

men, abhängig von Veränderungen des Kohlenstoffexports aus der Wassersäule (en-

tweder hervorgerufen durch saisonale Änderungen oder als Konsequenz des Klimawan-

dels). Gleichzeitig ist es nur begrenzt möglich, den Beitrag küstennaher permeabler Sed-

imente zu den globalen Mineralisierungsraten abzuschätzen, da es schwierig ist, alle Fak-

toren, die die biogeochemischen Prozesse im Sand beeinflussen können, zu berücksichtigen.

Zu diesen Faktoren zählen zum Beispiel die vorherrschenden hydrodynamischen Bedin-

gungen oder das Auftreten von submarinen Grundwasseraustritten (SGD).

Benthische Sauerstoffflussmessungen werden häufig genutzt, um die Mineralisierung von

Kohlenstoff zu berechnen. Die Anzahl von in situ Untersuchungen benthischer bio-

geochemischer Prozesse in marinen Sedimenten ist jedoch gering und meist nur auf

bestimmte Regionen beschränkt. In situ Stoffflussmessungen werden direkt am Meeres-

boden ausgeführt, da es in einigen Ökosystemen (z.B. in der Tiefsee und in permeablen

Sedimenten) nur so möglich ist, alle Faktoren, die die Vorgänge an der Sediment-Wasser-

Grenzschicht beeinflussen können (z.B. lokale Hydrodynamik, Topographie, natürliche

Lichtbedingungen), zu berücksichtigen. Außerdem werden so Artefakte vermieden, die

während der Probenentnahme von Sedimentkernen entstehen können. In diesem Zusam-

menhang wurden Porenwasser-Microprofiler, Respirationskammern und Eddy Correla-

tion Systeme zu fundamentalen Techniken.

Diese Arbeit kombiniert in situ Messungen benthischer Stoffflüsse (insbesondere Sauer-

stoff) mit verschiedenen anderen Methoden, um einen ganzheitlichen Ansatz zu erre-

ichen, der es ermöglicht, 1) neue Einblicke in benthische biogeochemische Prozesse zu

erhalten und 2) methodische Limitierungen aufzudecken. Die meisten Untersuchun-

gen, die in dieser Arbeit vorgestellt werden, sind auf die Eddy Correlation (EC) Technik

gestützt. Mit dieser Methode ist es möglich, benthische Austauschraten quantitativ über

mehrere Quadratmeter zu integrieren, in Systemen, die in Bezug auf Kohlenstoffmineral-

isierung bisher nur wenig erforscht sind. Außerdem ermöglich die EC Technik Langzeit-,

störungsfreie und nicht-invasive Messungen unter in situ Bedingungen. Es müssen jedoch

noch allgemeingültige und objektive Evaluationskriterien für diese Form der Messung

definiert werden.



In Kapitel 2 dieser Arbeit wurde untersucht inwiefern die Entfernung der Sauerstoff-

sensorspitze zum zu messenden Probenvolumen und die Reaktionsgeschwindigkeit des

Sauerstoffsensors, die gemessenen benthischen Sauerstoffflüsse des EC Systems beein-

flussen können. Die Ergebnisse deuten darauf hin, dass die Variabilität des EC-Flusses,

die häufig in Feldversuchen auftritt, in Zusammenhang mit der Orientierung des Gerätes

zur Fließrichtung steht. Wir machen daher Vorschläge für die Planung von EC Messsta-

tionen sowie für die Datenverarbeitung solcher Messungen, um eine akkuratere Inter-

pretation von EC Daten zu ermöglichen.

In Kapitel 3 studieren wir den Effekt von nicht-stabilen (non steady state) Sauerstof-

fkonzentrationen und Fließgeschwindigkeiten auf den EC-Fluss. Die Ergebnisse zeigen,

dass aufgezeichnete Zeitreihen von Geschwindigkeits- und Sauerstoffkonzentrationsmes-

sungen während des Einsatzes des EC-Systems, sowie deren Änderungsraten sorgfältig

analysiert werden müssen,, um deren Einfluss auf den tatsächlichen benthische Stofffluss

besser bewerten zu können. Wir zeigen, dass die Wahrscheinlichkeit von fehlerhaften

Stofffluss-Schätzungen während Übergangsbedingungen höher ist, wenn das System nur

kurz zum Einsatz kommt, während längere Messungen eine geringere Verzerrung zeigen

und somit zuverlässigere Flussraten ermitteln.

In Kapitel 4 präsentieren wird die tiefsten (2500 m) und niedrigsten Sauerstoffflüsse (1

mmol m−2 d−1), die mit der EC-Technik bisher an der Sediment-Wasser Grenzschicht

gemessen wurden. Die verwendete Nachbearbeitung der Daten und Signifikanz-Tests

stellen neue Ansätze dar, die notwendig waren, um die limitierenden Bedingungen in

diesem oligotrophen, arktischen Ökosystem mit niedrigen Respirationsraten und geringer

Turbulenz (2-4 cm s−1) zu berücksichtigen. Durch die Übereinstimmung der gemesse-

nen EC-Flüsse mit anderen Messungen (Mikrosensorprofile und benthische Kammern),

konnten wir bestätigen, dass arktische Tiefseesedimente einen niedrigen Sauerstoffver-

brauch aufzeigen und dass der Anteil der Fauna an der Remineralisierung organischen

Materials gering ist.

Im Kapitel 5 evaluieren wir den Effekt von submarinen Grundwasseraustritten (subma-

rine groundwater discharge, SGD) auf Mineralisierungsvorgänge und die Nettoprimär

produktion von sandigen Sedimenten. Benthische Flussratenmessungen (ermittelt mit

Hilfe von benthischen Respirationskammern) weisen darauf hin, dass die aerobe Ox-

idation organischen Materials für den Großteil der Mineralisierungsvorgänge verant-

wortlich ist. In zwei aneinander angrenzenden Untersuchungsgebieten (ein Gebiet unter

Einfluss von Grundwasseraustritten, das andere ohne Einfluss von Grundwasseraustrit-

ten) wurden vergleichbare Sauerstoffverbrauchsraten ermittelt . Desweiteren wurden

keine Auswirkungen auf die Nettoprimär produktion durch den Eintrag von Phosphat



und Silikat in die Wassersäule beobachtet, der durch den Grundwasseraustritt verur-

sacht wurde. Unterschiede in den biogeochemischen Prozessen an beiden Untersuchung-

sorten wurden vor allem durch das Vorhandensein von Methan an der Grundwasser-

austrittsstelle hervorgerufen, wo die anaerobe Oxidation von Methan (AOM) einen

wichtigen Vorgang in Sedimentschichten (7-10 cm) unterhalb der Oberflächensedimente

darstellt.

Da in situ Untersuchungen von benthischen Systemen optimiert werden müssen, um

feststellen zu können, ob ein System Langzeitänderungen aufweist, stellt diese Arbeit

einen wichtigen Schritt dar, um das volle Potential der vorhandenen Techniken nutzen

zu können, z.B. der aquatischen Eddy Correlation. Außerdem trägt die Arbeit zu einem

besseren Verständnis dynamischer Austauschprozesse in Tiefseesedimenten und perme-

ablen Sanden bei. Die Techniken, die in dieser Arbeit angewendet und verbessert wur-

den, können wichtige Informationen zum Status eines Ökosystems liefern und so auch

zu einem Ökosystem-basierten Management beitragen.
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Chapter 1

Introduction

The sediment-water interface plays a key role in the Earth system, with crucial filter

functions for the mass exchange between the seafloor and the water column. Early

diagenetic processes, that take place at this separation line between ocean water and

sediment, are determinant for the fate of solutes and particles that can be recycled or

buried over geological time scales. Marine sediments are indeed the primary long term

repository of organic matter, thus the systematic study of the control mechanisms of

organic matter degradation is essential for the reconstruction of biogeochemical cycles

in the ocean.

When studying the early diagenesis of sediments, of either deep-sea or coastal ecosys-

tems, it is important to consider all features of the oceanic environment. Benthic biogeo-

chemical processes show a mutable spectrum of variability, depending for instance, on

the amount and composition of the available organic matter, on the solutes composition

of the overlying and interstitial water and on the interaction between benthic boundary

layer flows and seabed topography.

Due to the complexity, remoteness and spatio-temporal variability of the seafloor, the

relationships between tightly coupled biological, physical and geochemical processes are

still a matter of study and foster the development of new technologies, especially in

order to achieve accurate carbon budgets.

1.1 Organic matter remineralization in marine sediments

Organic matter (OM) is supplied to the marine sediments by the overlying water column

from either marine or terrestrial sources and constitutes the principal food source for

most of the benthic fauna and microbes. Whereas the main source for OM is considered

1



Chapter 1. Introduction

to be phytoplankton detritus, whose supply to the seafloor is tightly coupled to the

water column primary productivity, terrigenous OM is largely brought to the oceans by

rivers, in either a dissolved or a particulate form (Burdige, 2007).

Thereby OM presents a wide range of sources and constituents, and its composition can

be generalized by the following chemical formula (where (x), (y) and (z) values depend

on the origin and age of the material):

(CH2 O)x(NH3)y(H3PO4)z.

Detrital OM found in sediments typically contains similar proportions of compounds such

as: carbohydrates (10-20%), nitrogenous compounds (mostly amino acids) (10%), lipids

(5-15%) and humic substances that are relatively resistant to biological degradation (e.g.

Schnitzer, 1991; Hedges and Oades, 1997; Burdige, 2007).

The degradation of OM starts immediately in the water column until it is then converted

back into its inorganic constituents by heterotrophic organisms in a continuous process

referred to as remineralization. This process serves as carbon source for heterotrophic

organisms and controls the recycling of inorganic carbon and nutrients, the dissolution

of carbonates, the flux of organic carbon to the deep biosphere and its burial in the

sediment. (e.g. Canfield et al., 2005; Middelburg and Meysman, 2007). As a result, OM

degradation determines the net CO2 removal from the atmosphere, playing therefore

a fundamental role in the global carbon cycle (e.g. Arthur et al., 1988; Berner and

Canfield, 1989; Berner, 1990; Siegenthaler and Sarmiento, 1993; Archer and Maier-

Reimer, 1994; Mackenzie, 2004; Ridgwell and Zeebe, 2005; Ridgwell and Hargreaves,

2007).

The OM that originates from biological photosynthetic activity in the photic zone, and

escapes remineralization and grazers in the water column, rains onto the sediments (e.g.

Berner, 1978; Jørgensen, 1978; Middelburg, 1989; Boudreau and Ruddick, 1991). The

resulting percentages of deposited OM vary depending mainly on: water depth, primary

production in the surface waters and processes of water column mixing (see sect. 1.1.1).

Once it reaches the seafloor, OM is remineralized by an array of aerobic and anaerobic

processes. Although fauna contributes to the remineralization (see sect. 1.1.2.1), mi-

croorganisms and mainly bacteria are the dominant players in this context because of

their versatile metabolism, covering both aerobic and anaerobic pathways.

Bacteria are sustained by the breakdown of large molecules of OM, eventually actively

hydrolyzed into small mono- or oligomers (Munster and de Haan, 1998). This process is

coupled to the sequential utilization of terminal electron acceptors with redox potentials

that determine the energy yield of the individual metabolic pathways (Froelich et al.,
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1979). The well-known order of electron acceptor utilization, based on the free energy

yield available to the organisms is:

O2 → NO−2 → NO−3 → MnO2 → FeOOH → SO2−
4 → CO2

Generally with increasing sediment depth, when a favorable electron acceptor is depleted,

the next favorable will be used, although there may be some vertical overlap (Canfield

and Thamdrup 2009). A large variety of metazoans and prokaryotes can mineralize

organic matter completely into inorganic nutrients CO2 and H2O by using oxygen as

the terminal electron acceptor, while anaerobic respiration is conducted by a consortia

of organisms and can proceed via denitrification, manganese- and iron-reduction, sulfate

reduction and methanogenesis (Table 1). Despite the relatively low rates, the two latter

processes account for ca. 30% of global carbon remineralization and can extend down

to hundred of meters into the sediment (Jørgensen 2000).

Table 1.1: Free energy changes for remineralization reaction (Morel and Hering, 1993).
CH2O represents sucrose.

Reaction
Free Energy Change
kj mol−1 of CH2O

CH2O + O2→ CO2 + H2O -476
5CH2O + 4NO−3 → 2N2+4HCO−3 O+CO2+H2O -452
CH2O+3CO2+H2O+2MnO2 → 2MnO2+4HCO−3 -388
CH2O+7CO2+4Fe(OH)3 → 4Fe2++8HCO−3 +3H2O -187

2CH2O+SO2−
4 → HS−+2HCO−3 -82

2CH2O → CH4+CO2 -71

Characteristic solutes accompany most of the metabolic processes through sediments

(Canfield and Thamdrup, 2009), molecular diffusivity being the most important mecha-

nism by which these diffuse in pore water (see section 1.2.2.). Pore water properties are

altered by remineralization of OM but also by dissolution or precipitation and adsorption

or desorption of chemicals. These chemical and biological processes create concentration

gradients (Fig. 1) that result in diffusion to and from the overlying water column, as

well as to and from different regions of the sediments (Blackburn et al., 1994; Glud et

al., 1994; Thamdrup et al., 1994b; Rysgaard and Berg, 1996).

Estimates of the global remineralization rates due to each of the oxidants indicate that

aerobic respiration is by far the dominant process, accounting for 65% of the total rem-

ineralization (Canfield, 1993a). Sulfate reduction is the next (17.9%, Canfield, 1993b),

followed by methanogenesis (9.8%, Hinrichs and Boetius, 2002) and denitrification (6.5%

Dunne at al., 2005 and Gruber, 2004), while the reduction of manganese and iron makes

a negligible contribution overall (∼0.6%, ∼0.3% Bender and Heggie, 1984; Heggie at al

1997; Bender et al., 1989).
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Figure 1.1: Idealized diagram of distribution of oxidants and their products in the
pore waters of marine sediments. Reduction of oxygen gives the highest energy yield,
while reduction of HCO3 is barely an exergonic reaction. (from B. B. Jørgensen 1983).

The relative importance of the various remineralization pathways changes with sediment

type and sedimentation rate. For instance aerobic respiration and sulfate reduction

are the most important degradation processes in shelf sediments, where often of minor

importance for organic matter mineralization are the rates of denitrification (Marinelli

et al., 1998; Trimmer et al., 2000) and metal reduction (Jørgensen, 2000). In sandy

sediments usually contents of Fe(III) and Mn(IV) are not high enough to support a

significant heterotrophic metal reduction by bacteria (de Beer et al., 2005). However,

denitrification and metal reduction can be enhanced by faunal activity and pore water

advection (see Sect. 1.1.2). On the other hand,aerobic remineralization is the principal

process for deep-sea sediments (>1000 m depth) that cover 90% of the area of oceans

and seas (Jørgensen, 1983; Canfield, 1993a) (see Sect. 1.2).

This variety is determined by several factors, some of which have a direct effect on

the degradation process efficiency, such as OM composition (e.g. Tegelaar et al., 1989;

Dauwe et al., 2001), the ability of the microbial community to degrade it (Wetzel, 2001),

the presence of grazers (Lee, 1992) and the availability of electron acceptors and redox

conditions. Indirect factors are instead related to the water depth and the type of

sediment, i.e. OM deposition rates and pore water advection.

1.1.1 Influence of deposition rates on organic matter remineralization

Organic matter supply to the seafloor is largely a function of productivity and water

depth, however, vertical carbon transport velocities are highly variable and differ be-

tween ocean regions (e.g. Berelson, 2002). Thus, since most of the highly productive

areas in the global ocean are adjacent to the continents, we can expect that benthic res-

piration intensity follows a decreasing gradient from coastal marine environments over
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the continental shelves and slopes to the deep-sea (Wenzöfer and Glud, 2002). Fluxes of

oxygen for instance, vary over orders of magnitude between oligotrophic open ocean ar-

eas and continental shelf areas (50 to 6000 mmol m−2 y−1) (e.g. Devol and Christensen

1993; Glud et al. 1994; Berelson et al., 1994; Hammond et al., 1996; Luther et al., 1997;

Hensen et al., 1998; Wenzöfer and Glud, 2002). Anyhow, lateral transport of organic

material down-slope of margin sediments has been observed (e.g. Hecker, 1990) and

probably explains intensified degradation activity along some ocean margins (Jahnke et

al.,1990).

Annual primary production in the water column overlying sediments was estimated as

470 g C m2 yr−1 (Wollast, 1998). About 20 % of this is produced in shallow waters,

above the continental shelves (0 -200 m), although these regions cover only 7 % of the

global seafloor (Wollast, 2002). Such high productivity is sustained by the upwelling of

nutrient rich water near the shelf break, as well as by the input of nutrients from rivers,

groundwater discharge and Aeolian input (Wollast, 1991; Gattuso et al., 1998; Herbert,

1999). Sediments at these depths receive and mineralize more than 95 % of the OM

introduced to the continental shelf by primary production, that only in less extent is

remineralized in the water column (de Haas et al., 2002).

Open oceans (depths > 1000 m), conversely, are mostly oligotrophic compared to coastal

areas, but cover 90% of the global seafloor. On a global scale the majority of marine

primary production is ascribed to these regions (Ryther, 1969; Antoine et al., 1996) but

only a small fraction of the carbon produced at the surface reaches the seafloor. In this

regard empirical results from sedimentation traps predict that over 90% of remineraliza-

tion takes place within the upper hundreds of meters of the water column (assuming a

surface primary production of 250 g C m2 yr−1) and at depth horizon of 1000 m only less

than 5% of primary produced OM is left (Betzer et al., 1984; Berger et al., 1987; Martin

et al., 1987). However, comparative measurements between primary production and

benthic mineralization processes show that these empirical formulations are restricted

to a limited regional use (Jahnke et al.1990; Rowe et al., 1994; Hensen et al., 2000).

Indeed, patterns of decreased particulate OM at different depths deviate between ocean

basins depending on the factors that control the particle transport through the water

column (such as advection and water mixing), OM composition and its fractionation

prior to deposition (Wakeham et al., 1997, Lee et al., 2004).
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1.1.2 Influence of pore water advection on organic matter remineral-

ization

When OM is present in the sediemnts, the mineralizazion process advances more or less

intensively depending, for instance, on the oxygen penetration depth. The increased

oxygen penetration depth due to advective pore water flow can largely increase aerobic

mineralization (Lohse et al. 1996; Ziebis et al., 1996) as well as nitrification rates within

oxic sediment layers that can by turn stimulate denitrification activity, and nitrogen

release from the sediment (Kristensen et al. 1985; Huettel, 1990; Lohse et al. 1993).

Oxygen penetration depth can strongly influence as well the fate of metals (Fe and Mn)

and metal oxides, by the change of their oxidation state and consequent precipitation

or complexation with reduced species (i.e. Fe(II) with S−2 )(Shaw et al., 1990). These

effects can be stimulated either by faunal activity (1.1.2.1) or by the interaction between

the flow field and bottom topography of permeable sediments (1.1.2.2).

1.1.2.1 Role of fauna

Experimental studies demonstrate that fauna directly alter the fate of incoming fresh

OM, either by feeding directly on it or producing irrigation and bioturbation of the

sediments (Moodley et al., 2002, 2005a; Witte et al., 2003). Bioturbation causes a

modification of the redox potential in the immediate surroundings of the burrow, by

venting layers of sediment that oxygen would never reach if transport was restricted to

molecular diffusion (see Section 1.2.2). As a result, large fauna acts to maintain habitat

heterogeneity (Thrush et al., 2006a) and enhance OM recycling primarily through in-

duced irrigation of deeper sediment layers and enhanced sediment-water solute exchange

across the sediment-water interface (Huettel, 1990; Aller 1994; Graf and Rosenberg 1997;

Biles et al., 2002; Lohrer et al., 2004; Mermillod Blondin et al. 2004; Michaud et al.,

2005; Meysman et al., 2006; Thrush et al., 2006). In addition, benthic fauna decom-

pose significant amounts of OM by digestion (Lopez and Levinton, 1987), leading to a

fragmentation of OM hence an increased surface area for microbial colonization (Lee,

1992).

Altogether these processes can have a profound impact on sediment biogeochemistry

(Davis 1974; Aller and Aller, 1998; Wenzöfer and Glud, 2004) and microbial ecology

(Reichardt 1988; Marinelli et al., 2002) in both shelves and deep-sea sediments, al-

though not with the same intensity. In fact Glud et al. (1994) found good correlation

between the dry weight of macrofauna and the total oxygen consumption, with a de-

crease of faunal mediated oxygen uptake from shallow and productive areas towards less

productive and deeper sites.
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1.1.2.2 Current induced advection

As has been shown before, OM degradation efficiency can be enhanced by pore water

advection, i.e. the net motion of water moving up and down in the sediments. The

driving force behind advective pore water flow is always a pressure gradient, that may

be caused by direct impact of orbital motion of waves, and tidal or bottom currents with

the sediment topographic features (Huettel, 1996; Precht and Huettel, 2003) or, at high

depths, by convective currents.

Advective pore water transport is particularly important in permeable, sandy sediments

(Huettel et al., 2003). Indeed the intensity of the advective transport through the sed-

iments, or pore water flow rate, is proportional to sediment permeability and to the

pressure exerted on the seabed. In coastal areas pressure gradients can easily generate

by bottom flow-topography interactions and undulating pressure differences between

wave crests and troughs (e.g. Huettel and Gust, 1992, Huettel et al., 1996). These phe-

nomena were studied first in laboratory flumes (Huettel and Gust, 1992; Huettel et al.,

1996) and was found that pressure gradients scale both with flow velocity and obstacle

height (e.g. a ripple). The horizontal pressure gradients that develop along seabed rip-

ples will force an inflow of bottom water through the sides of the ripple, and an outflow

of pore water close to the crest. Pore water velocities associated with current induced

pressure gradients range from a only few to several centimeters per hour (Huettel and

Gust 1992; Huettel et al., 1996), however would still produce an intense interfacial ex-

change of solutes, as it was shown that pore water can be transported upwards from

<100 mm depth and released at the sediment surface.

The interaction between bottom flow and seabed topography were estimated both in lab

experiments and in the field, (North Sea intertidal) showing that solutes exchange rates

under moderate pressure gradients can be 7 to 50 times higher than diffusive exchange

(Precht and Huettel 2003). However, it is worth noting that oxic organic matter miner-

alization, for instance, was shown to be stimulated only when the advective transport of

oxygen is combined with supply of labile organic matter (Reimers et al., 2004; Cook et

al., 2007b). Indeed a prompt stimulation of oxygen uptake at an increase in current flow

cannot be used as a direct measure of an equivalent increase in carbon mineralization,

in part because release in anoxic porewater and oxidation of stored reduced compounds

will likely contribute to the measured oxygen flux (Glud, 2008) (see next section).
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1.2 Oxygen dynamics at sediment water interface

Dissolved oxygen concentrations in natural water bodies are governed by the balance

between oxygen supply (regulated by exchange with atmosphere, physical transport and

photosynthesis) and removal (through biological consumption and oxidation of other

reduced substances) (Zhang et al., 2010).

Oxygen saturation is only reached in surface waters, while below the productive layer,

where biomass can be degraded, oxygen is depleted by microbial respiration processes

that in most oceans are extended to a maximum depth of 1000 m. The distribution

of oxygen then depends on how effectively it is redistributed by vertical and lateral

advection of the water masses (Hensen et al., 2006).

The effect of oxygen on sediment biogeochemistry depends on the ecosystem. For in-

stance, coastal sediments with active faunal communities and active iron and manganese

cycles would respond differently to low-oxygen conditions than do sediments rich in sul-

phide and lacking oxidants other than sulphate (Middelburg and Levin, 2009). Indeed,

if a large stock of reactive components is present in sediments, its responses to higher or

lower oxygen levels may be delayed (Soetaert et al., 2000). In any case, in oxygenated

bottom waters, sediments where OM is respired and mineralized are characterized by

the stratification of oxidative zones (shown in Fig.1.1) that are majorly determined by

oxygen’s penetration depth in the sediments (Cai and Sayles 1995).

As a consequence of different oxygen consumption rates and transport mechanisms of

this solute into the sediments, oxygen penetration depths can vary from less than 1

mm in active, muddy sediments and coastal depositional areas (e.g. Meysman et al.,

2006), to a few cm in permeable sandy sediments (e.g. Cook et al., 2007). Nevertheless,

oxygen penetration depths down to >10 cm were measured at abyssal sites and can even

reach several meters in sediments where organic matter content is extremely low as in

correspondence to the central oceanic gyres (Fischer et al., 2009).

Since oxygen concentration at the sediment-water interface depends on the concentration

in the overlying water, the benthic exchange rates of this solute are strictly related to

its distribution dynamics in the water column. Thus to the structure of the benthic

boundary layer.

1.2.1 Benthic and Diffusive Boundary Layer

In the ocean, the interface between sediments and the overlying waters is defined as

bottom (or benthic) boundary layer (Boudreau and Jørgensen, 2001) that by definition
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is the water layer that is influenced by the friction between the sediment and the moving

water column (Dade et al., 2001).

Molecular diffusion, pore-water advection, bioturbation and resuspension are affected

by horizontal currents of the overlying water column (Wüest and Lorke 2003); therefore,

to address and understand the dynamics of sediment-water exchange it is fundamental

to consider the structure of the benthic boundary layer (BBL). Indeed, the transfer of

particles and solutes through the BBL influences biological and geochemical processes

in the upper sediments, such as the dissolution of calcium carbonate, the oxidation of

organic matter and metals (iron, manganese, etc.), the removal of reactive nitrogen by

denitrification and the supply of oxygen (McCave, 1984).

The BBL is the main location of the dissipation of energy of currents and waves as well

as of turbulence and mixing in the stratified water column interior (Wüest and Lorke

2003). At solid boundary (in this context the sea floor) the flow goes to zero, while at

some distance above the boundary the velocity reaches a constant value U . The height

of a BBL is typically defined as the distance above the bed at which the mean flow

equals 99% of U . The spatial variation of velocity over this distance is called shear i.e.

the spatial gradient of the speed of a current in a direction normal to the direction in

which it flows. Processes of shear act to increase interfacial areas of the water column

and enhance the concentration gradients of advected solutes of fluid properties, thereby

increasing the rate of molecular transfer (Thorpe, 2007).

The mean flow, as well as the characteristics of the seabed, defines different momentum

(the quantity of motion of a moving body) and solute transport mechanisms. Indeed,

the momentum is transported by the mean flow, by molecular transfer as well as by

turbulence. An exchange coefficient, which is called eddy viscosity Km can be assigned

to the latter mechanism of momentum transfer (Boudreau, 1997), which is a function of

the flow, not of the fluid. In the upper layer of the BBL (that starts at several meters

over the sediment surface) the flow velocities follow the characteristic logarithmic profile

described by the law of the wall (vonKarman, 1930)(Fig. 1.2). Here, turbulent flow

determines the momentum transfer and Kmis of the order of 1 m2 s−1, or one hundred

thousand times the molecular viscosity of a laminar flow (Wüest and Lorke, 2003).

Consequently, in the water column (logarithmic layer), solute transport is dominated by

turbulent mixing.

Close to the sediment-water interface, however, eddy transport is impeded by friction

and viscous forces, and the logarithmic layer smoothes into the viscous sublayer (VBL),

which starts above the seafloor, at a height that depends on the shear (Fig. 1.2).
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The so-called viscous sublayer is defined as the height at which the turbulent mixing,

becomes smaller than the molecular viscosity (10−2 cm2 s−1) which usually happens 5-10

mm above the sediment surface (Caldwell and Chriss, 1979; Boudreau, 2001). In this

layer, viscous forces dominate, and in the lower part of this layer, trnasport is finally

dominated by molecular diffusivity (10−5 cm2 s−1). For cohesive sediments this shift

defines the upper boundary of the diffusive boundary layer (DBL) (Fig. 1.2). The DBL

thickness typically accounts for one-tenth of the viscous sublayer thickness, but as it is

defined by the molecular diffusion coefficient, it is solute dependent.

Figure 1.2: Measured currents showing a BBL logarithmic layer (Lorke 2002) and
viscous sublayer (Caldwell and Chriss 1979). Oxygen profile shows a 0.5 mm thick
diffusive boundary layer (DBL) (Muller et al. 2002). The schematic reproduced from
Jørgensen and Des Marais (1990), shows with an oxygen profile (sub-millimeter scale)
the transition between molecular, viscous and turbulent layer. Modified from Wüest

and Lorke, 2003.

1.2.2 Molecular diffusion

Diffusive fluxes depend on the thickness of the DBL and the rate of consumption (or

production) of solute in the sediment, the latter affecting the concentration driving force

across the interface. As a result, processes that enhance the gradient also increase the

magnitude of the flux (Jørgensen and de Marais, 1990). Fluxes across the DBL are gov-

erned by molecular diffusion, which intensity depends on the quasi linear concentration

gradient across the boundary. The total diffusive flux J (mol m−2 s−1) of a given solute
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is proportional to the concentration gradient and can be described by Fick’s first law:

J = −D0
δC

δx
(1.1)

with D0 denoting the temperature-, salinity- and substance-specific diffusion coefficient

in seawater (m2 s−1) and δC/δx the concentration gradient of the solute (mol m−3

m−1). The ratio of the distance that a molecule travels around sediment particles and

the direct path toward lower concentration is defined as the tortuosity of the sediment

(Maerki et al., 2004). In order to calculate diffusive flux in sediments, D0 must be

reduced by the square of the sediment tortuosity to derive the diffusion coefficient in the

sediment Ds (Boudreau, 1996). Diffusive transport is only effective over small distances

(μm to mm scale) since the travel time of a molecule to a certain point increases with

the square of the distance. Thus, molecular diffusion is particularly important in fine

grained, cohesive sediments, since the mass transport of water is restricted by the low

permeability of these sediments, even though fauna-induced irrigation can be important

in some areas as mentioned before (e.g. Røy et al., 2004).

The in situ DBL thickness is regulated by the dissipation rate of turbulent energy in the

benthic boundary layer (Higashino et al. 2003; Lorke et al., 2003), which is reflected by

the trend of increasing in situ DBL thickness values with increasing water depth (i.e.

lower current velocities, Boudreau and Jørgensen, 2001; Roberts and McMinn, 2004).

Indeed, for the deep ocean, DBL values generally range between 450 and 950 μm, while

values measured at the upper shelf or in coastal areas tend to be comparatively thinner

between 200 and 700 μm (Boudreau and Jørgensen, 2001; Glud et al., 2003; Roberts

and McMinn, 2004).

In systems where the diffusion time across the DBL limits the benthic O2 consumption

rate, a reduction of the DBL should increase the O2 concentration at the sediment sur-

face, enhancing the diffusive oxygen uptake and increasing the O2 penetration depth

(Gundersen and Jørgensen, 1990). For this reason the O2 uptake rate of coastal sedi-

ments varies on short time scales (even minutes) as a result of changes in hydrodynamic

forcing due to tidal currents, wind, and wave-induced water movements that affect the

DBL thickness (Glud et al., 2007). However, the presence of a DBL was shown to have

only a modest effect on the annual O2 uptake even in diagentically relatively active

sediments (a factor of 1.02-1.10 for DBL of 300- 900 μm, Glud et al., 2007).

The reason why the effect of DBL variations on the long-term O2 uptake is minor, is that

changes in the O2 aerobic heterotrophic respiration, following changes in O2 availability,

are counterbalanced largely by corresponding changes in O2 oxidation rate of reduced

compounds. It was observed for instance, that during summer, the DBL impedes the

O2 uptake of the very active sediment, which is enriched with labile organic material
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that stimulates the anaerobic activity and leads to an accumulation of a larger pool

of reduced iron sulfides. This pool is subsequently oxidized during the winter period.

Thus DBL thickness in coastal sediments influences mainly the relative importance of O2

aerobic heterotrophic respiration versus the O2 oxidation of reduced solutes and solids.

In deep-sea sediments with low organic carbon input, the oxygen uptake is dominated

by aerobic heterotrophic respiration (Thamdrup, 2000), and O2 penetration depth is

usually in the order of centimeters. Here, the large interstitial O2 pool has a lifetime of

several hours or days (Wenzhöfer and Glud, 2002), thus, the diffusion time for O2 across

the DBL (i.e., 5-10 min) is short compared to the transport time down through the oxic

zone. Consequently DBL variations do not have any major impact on the benthic O2

uptake rate (e.g., Reimers et al., 2001).

1.2.3 Turbulent (eddy) diffusion

As we said, vertical transport of solutes and particulate matter across the BBL is oper-

ated by turbulence; this process promotes mixing and dispersion, extending the surfaces

of contact between fluid volumes, hence increasing the area across which diffusive trans-

fers of fluid properties may occur. As a result, turbulent diffusion generally exceeds

molecular diffusion in the sediment, and is function of the flow field, varying with the

flow velocity in the BBL.

The biogeochemical consequences of turbulence at the sediment water interface are thus

related to the enhanced solute exchange and remineralization (provided that OM is

also supplied). Indeed highly turbulent water columns (by wind-induced waves or tidal

currents) can induce advective processes that flush surficial sediments (Riedl and Ott,

1972).

As mentioned in section 1.1.2.2, advective processes lead to the replacement of pore

water with overlying water thus to an enhanced mixing of solutes, in a process that can

result in up to three orders of magnitude higher than molecular diffusion.

The dynamics of turbulent transport in the BBL may be crucial to predict hypoxia in

bottom waters and sulfide efflux from the sediments. In this regard, Holtappels and

Lorke (2011) showed that even low turbulent diffusion in the BBL potentially controls

the oxygen flux into the sediment. At high turbulence diffusion this is more obvious,

indeed, variation in bottom shear stress induced by the tidal currents interacting with

the microtopography of the seabed may cause an upward and downward moving anoxic-

oxic boundary (Sect. 1.1.2.2).
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As a consequence, solutes exchanges at the sediment water interface exhibit irregular-

ities that cannot be explained by usual diffusion-reaction models based on molecular

transport alone (Lohse, 1996). So, to get into a perspective of measuring turbulent so-

lute exchanges, it should be explained that in turbulent diffusion at the boundary layer,

mass is transferred through the mixing of turbulent eddies within the fluid (Fig. 1.3).

Figure 1.3: Simulation of a turbulent flow at the sediment/water interface
(http://torroja.dmt.upm.es/jsillero) .

Turbulent eddies create fluctuations in velocity and in water properties, so that at a fixed

point of measurement, past which turbulent eddies are being carried at a mean speed, the

smaller ones will cause fluctuations in the measured properties, characterized by higher

frequencies than those caused by large eddies (Kolmogorov, 1941). An energy frequency

spectrum derived from analysis of the amplitude of the time variation of velocity at the

fixed point can be converted to a wavenumber spectrum. The spectrum shows how the

contribution of the energy of the turbulent eddies to the overall kinetic energy of the

variable flow is distributed in wavenumber (or in eddy size).

It is important to recognize that turbulence is highly variable in the ocean and that

spectra have to be derived from data obtained over a relatively large period of time,

averaging over repeated samples (measurements) taken over periods larger than the

energy containing eddy (Kaimal and Finnigan, 1994; Foken, 2008). This will be seen in

detail later, at section 1.3.3, for application of EC technique.

1.3 Oxygen benthic fluxes measurements

Determination of consumptions/production rates in the pore water fraction serves to

quantify the respiration processes that take place in the sediment sub layers, and define

reactive horizons. Hence, oxygen is an excellent tracer to study biological activity be-

cause it is produced by photosynthesis and consumed directly or indirectly during the

degradation of organic matter (e.g. Glud, 2008). However, there is no method, so far,

to directly determine oxic respiration.
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Total oxic respiration has to be calculated from the difference between 1) the oxygen

demand of the sediment (i.e. aerobic heterotrophic activity of fauna and prokaryotes)

and 2) the amount of oxygen consumed by oxidation of reduced species (i.e. reoxidation

of reduced inorganic products released during the anaerobic heterotrophic degradation)

(Canfield, 1993a; Glud, 2008). Nevertheless, the contribution to total oxygen uptake due

to each of the two processes is difficult to quantify. The extreme cases are represented

by the abyss, where benthic mineralization of the very low input of organic material can

be almost completely covered by the available O2 (Bender and Heggie, 1984), and by

the mats of Beggiatoa sp., where > 90% of the O2 is used for sulfide oxidation for these

chemolitrophic bacteria (Jørgensen, 1982).

There is therefore a level of uncertainty in estimating respiration by only oxygen con-

sumption, due to the presence of chemical processes which consume oxygen, that can

be avoided by measuring the production of dissolved inorganic carbon (DIC), which is

the final product of all respiration pathways (Anderson et al., 1986; Hulth et al., 1997).

However, other processes such as precipitation and dissolution of calcium carbonate can

also cause changes in the DIC concentration (e.g. Green et al., 1993) and have to be

taken into account. At reactive sites, the contribution of carbonates dissolution to the

total production of DIC can be estimated by concurrent determination of the Ca2+ or

alkalinity exchange rate (Anderson et al., 1986; Stahl et al., 2004).

Even though total oxygen uptake (TOU) cannot directly be equated with aerobic respi-

ration, when reduced inorganic solutes from anaerobic mineralization are fully oxidized

within sediments (as is often the case in marine sediments), TOU represents a proxy of

the total benthic carbon mineralization (Canfield et al., 1993a; Middelburg, 2005).

Total oxygen uptake measurement is the most widely used approach for assessing benthic

carbon mineralization (Glud, 2008) and can be achieved using a variety of techniques,

from in situ measurements to ex situ incubations of retrieved sediment cores. Concerning

the in situ approach, within the past two decades benthic lander systems have been

increasingly applied in the deep-sea (e.g. Berelson et al., 1987; Jahnke et al. 1997;

Reimers et al., 1992; Wenzöfer et al., 2001a) to avoid artifacts resulting from sediment

recovery. These platforms can host any of the majorly applied in situ techniques for the

estimation of benthic fluxes (benthic chambers, microprofilers, eddy correlation system),

that are described in the next sections.

1.3.1 Benthic chambers

Total benthic fluxes can be measured by chambers installed in the seafloor, or by in-

cubating intact cores on board, isolating a specific volume of water and sediment and



Chapter 1. Introduction 15

measuring the concentration changes over time of target-compounds within the enclosed

waterbody. The depletion or enrichment of the water inside the chamber is measured

on water samples (for in situ deployments taken by pre-programmed syringes) and an-

alyzed in the lab, or by sensors monitoring directly physical variables (i.e. temperature

or conductivity) or solutes concentration (i.e. oxygen, sulphide). Samples and sensor

readings are taken with a certain time interval and fluxes can be estimated by calculat-

ing the mean rate of change in concentration during the incubation period by regression

analysis. This provides the total solute exchange across the sediment water interface J ,

as follows:

J =
δC

δt

δV

δA
=

δC

δt
h (1.2)

where δC/δt is the change of concentration over time, and V is the volume of over-

lying water inside the incubator with area A. This calculation relies on a number of

assumptions such as: (1) Steady-state conditions during the incubation, i.e. the flux of

the solute across the sediment-water interface (SWI) is equal to the depth integrated

production or consumption due to respiration, (2) respiration in the overlying water is

negligible compared to that within the sediment and (3) Differences in hydrodynamic

conditions between the inside of the incubator and ambient conditions have no influence

on the fluxes across the SWI.

Although chambers isolate a certain water volume, a stirring system is used to generate

known pressure gradients over the sediment surface, which mimic the natural hydrody-

namic conditions (e.g. Huettel and Gust, 1992; Janssen et al., 2005a). In case of muddy

sediments, the system can be set with a stirring mode reproducing the natural diffusive

boundary conditions (Glud et al., 1995).

In case of permeable sediments, benthic exchange measurements with chambers con-

ducted in the presence and absence of advection, showed that the benthic uptake of O2

may be enhanced under conditions of advective flow as compared to purely diffusive con-

ditions (Janssen et al., 2005b). Thus, for permeable sediments in situ incubations have

to be performed with stirring velocities that reproduce pore water advection (e.g. Cook

et al., 2007, Janssen et al., 2005). For this instance, it was shown that, by increasing the

stirring velocity inside the chambers it is possible to reproduce a specific flushing rate

generated by the advective flow (Glud et al., 1996). Nevertheless, the advection process

partially depends on sediment topography and currents, both of which change rapidly

in nature (Precht and Huettel, 2004). Therefore, when benthic chambers are deployed

in sandy sediments the assumption of a steady state situation may not be valid.

However, in situ incubation may still be preferred to ex situ intact core incubations.
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For permeable sand environments, the difficulty of sampling the sediments while retain-

ing in situ gradients and intact pore waters, often yields inaccurate results (Boudreau

et al., 2001). For example, even when cores are successfully recovered intact, near-

surface pore water gradients cannot be used to estimate benthic solute fluxes because

gradient-transport relationships have not been accurately parameterized in this environ-

ment (Jahnke, 2005).

In the case of deep-sea sediments, by comparing in situ incubations with cores incubated

on deck, the latter have been shown to exhibit artificially high rates, probably due to

sampling artifacts, such as the rise of temperature during the transit through the water

column (Glud et al., 1994). Given this, in situ incubations are most clearly a necessary

tool for deep-sea environments. The drawback is that deep-sea sediments usually have

low consumption rates, thus the incubations have to be elongated to reach a statistically

valid regression, and this can potentially determine conditions inside the chamber that

can affect, for instance, the infauna activity.

1.3.2 Microsensor profiles

Microsensor profiles are widely used to calculate the diffusive oxygen exchange across

the sediment water interface by measuring the oxygen concentration point by point (at

fixed time steps) from the overlying water to a certain depth in the sediment (typically

until the anoxic horizon is reached). An important result of the use of O2 microsensors

(Revsbech, 1989) has been the detailed characterization of the diffusive boundary layer

properties via the measurement of oxygen profiles in the micrometer scale, across the

sediment-water interface (Jørgensen and Revsbech, 1985; Jørgensen and Des Marais,

1990).

The diffusive flux is calculated based on Fick’s first law of diffusion (Eq.1), where the

negative sign indicates that the diffusive flux runs in opposition to the gradient’s direc-

tion from high concentrations to lower concentrations (Schulz and Zabel, 2006).

In the oxic layer of the sediment, the volumetric oxygen consumption rate can be as-

sumed constant, independent of the oxygen concentration, and described as a zero-order

reaction (Bouldin, 1968). Below this layer, a thin layer of enhanced consumption often

exists, because of overlap between oxygen and reduced substances such as Fe2+, Mn2+

or HS−, diffusing up from below, as shown in Figure 4 (Jørgensen, 1983; Soetaert et al.,

1996; Berg et al., 1998).

Microsensor profiling can be applied for determining diffusive fluxes either in situ or

on intact cores in the lab. Similarly to TOU measurements, comparison between O2
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Figure 1.4: Benthic oxygen microprofile depicting the typical oxygen microdistribu-
tion in a continental shelf sediment.

microprofiles measured on shipboard and in situ at deep-sea indicated that core recovery

introduced artifacts, that affected the benthic O2 distribution (Reimers et al., 1986,

1987). Whereas, the differences were mainly explained by disturbance of the sediment

structure during core recovery, closer agreements were achieved by applying extremely

long pre-incubation periods. However, it was found that especially for diagenetically

very active sediments it is problematic to fully reestablishing in situ profiles (Glud et

al., 2003).

1.3.3 Eddy correlation technique

The eddy correlation (EC) technique allows a direct estimation of vertical fluxes by using

the theory of turbulent bottom boundary layer flow to interpret measurements of the

correlation between the fluctuations of vertical velocity and a constituent concentration

(or a scalar). Applied to the sediment-water interface, this approach has the following

unique characteristics: (1) it is non-invasive, (2) it integrates over a large footprint area,

(3) it incorporates in situ hydrodynamics, and (4) it provides a long-term estimation of

vertical fluxes (Berg et al., 2003).

Most of the EC technique applications in the marine biogeochemistry field were so far

dedicated to the estimation of oxygen benthic fluxes (Kwae et al. 2006; McGinnis et al.,

2008; Brand et al., 2008; Hume et al., 2010; Berg et al., 2009; Glud et al., 2010; Raimers

et al., 2012; Long et al., 2013). However, the essential advantages of the technique



Chapter 1. Introduction

initiated many studies also on the boundary layer flux of other solutes such as nitrogen

and phosphate (Holtappels et al. 2011), nitrate (Johnson et al., 2011) and sulphide

(McGinnis et al., 2010). It was as well applied to estimate groundwater seepage rates

through the measurement of heat fluxes (Crusius et al., 2007) or to couple oxygen fluxes

to ice melt at the bottom sea-ice interface in polar regions (Long et al., 2012)

1.3.3.1 The eddy correlation system

Samp
volum
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Figure 1.5: Picture of an eddy correlation system showing the acoustic Doppler ve-
locimeter and 2 Clark type oxygen microsensors attached to their amplifiers. The red

square indicates the approximate location of the sampling volume.

The EC system consists of an acoustic Doppler velocimeter (ADV, Nortek, Norway)

with two analog inputs allowing two sensors to be simultaneously deployed (Fig. 1.5).

Dissolved oxygen fluctuations are commonly measured with Clark type O2 microelec-

trodes (Revsbech, 1989), given their fast response time down to 0.3 seconds (RT < 0.3

s). However, the development of optodes (Klimant et al., 1995, Glud et al., 1999) and

the improvement of their performance brought comparable response times, leading to

promising applications for EC purposes (Chipman et al., 2012).

The ADV sampling volume, located 15.7 cm below the probe, has a hourglass shape

with both base diameters and height of 14 mm, defined by the interception of the three

beams, together with the width of the transmit pulse (Fig. 1.5). The O2 sensor tips

are positioned at the edge of the velocity sampling volume, without interfering with it.

ADV and microsensors (with their amplifiers) are fixed to a frame allowing the least

possible interference with the current field.
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1.3.3.2 Principle of eddy correlation flux measurement and calculation

Eddy correlation measurements are made in the benthic boundary layer (BBL), where

turbulence is the dominant transport mechanism. Assuming fluxes approximately con-

stant with height, measurements taken in this layer are representative of the fluxes

from the underlying surface (Swinbank 1951, Aubinet et al., 2000). Under those cir-

cumstances, fluxes are representative of an area with an extension that depends on the

surface roughness and the height above the seafloor at which the measurements are taken

(Berg et al. 2007).

When biogeochemical processes of surface sediments lead to O2 consumption, over time,

the covariance between vertical velocity (w) and O2 concentration (C) gives rise to a

net transport of O2 toward the sediment. Accordingly, the reverse mechanism applies

for sediment O2 production (Berg et al., 2003). However in the BBL, no concentration

gradients are visible when the dominant transport process shifts from molecular to tur-

bulent diffusion (as in Fig. 1.4). Therefore, to determine the covariance of w and C, it

is necessary to simultaneously resolve the turbulent fluctuations of these variables. To

achieve this, we need to resolve turbulent motions, which requires the decomposition

of the time-series of each variable into a time-mean part and a fluctuating part. This

procedure is known as Reynolds decomposition (e.g. Reynolds, 1895, Boudreau, 1997)

and is expressed as follows :

C(t) = C(t) + C ′(t);w(t) = w(t) + w′(t) (1.3)

Ideal conditions for measuring vertical fluxes require: (1) fluxes approximately constant

with height in the surface layer, (2) horizontal and homogeneous flows (zero divergence)

and (3) only gradual/slow changes of the background concentration C (quasi stationary),

so that the conservation of momentum equation results in the following simplified form:

Flux = C ′w′ (1.4)

The above mentioned separation of turbulent fluctuations ( w′ and C ′) from the back-

ground means of the collected time series is a critical step in eddy flux measurement

analysis. The reason is that the application of Reynolds decomposition requires averag-

ing over many measurements, taken under identical conditions (Kaimal and Finnigan,

1994), which is certainly impossible in oceanic measurements. Thus, to fulfill this as-

sumption, we need to verify that the fluctuations are statistically stationary during the

averaging time. There comes the importance of the averaging window used to sepa-

rate w′ and C ′ from their corresponding means. To better understand this step, it is

necessary to introduce how to visualize a turbulent signal.
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Any turbulent flow may be thought of as a superposition of eddies over a wide range

of sizes. As a result, the fluctuations of the the signals (in our case vertical velocity w′

and oxygen concentration C ′) measured by sensors placed in such flow, vary over a wide

range of frequencies (Brutsaert, 1982; Kaimal and Finnigan, 1994).

The frequency range encountered in the BBL can be divided into three major spec-

tral regions (Fig. 1.6): at low frequencies (typically 10−4 Hz) is the advective range,

where turbulent energy is produced; at intermediate frequencies is the inertial subrange

(turbulence range), where energy is neither produced nor dissipated but transformed to

smaller and smaller eddies due to an ”energy cascade” process (see Stull, 1988); and at

higher frequencies (> 1 Hz) is the dissipation range, where turbulent energy is dissipated

through viscosity (Foken et al., 2012). Vertical flux carrying eddies belong to the inertial

subrange, whose limits are not fixed, and depend basically on the kinematic viscosity

and energy dissipation (Lorrai et al., 2010).

Figure 1.6: Variance-preserving spectrum of current (downstream component) in
frequency and wavenumber domain for an average longitudinal velocity of 0.01 m s−1.
ADV data was recorded in Lake Alpnach at depth of 23 m (0.1 m above sediment). The
advective range is clearly separated from the turbulent range by a prominent energy

gap. (Lorrai et al. 2010).

In natural waters, large scale advective motions are not always clearly separated from

the small-scale eddies (McGinnis et al., 2008). Therefore, as said, a major challenge

with the EC technique is to separate turbulent fluctuations (higher frequency range)

from advective motions (lower frequency range). A careful analysis of the relevant

scales is thus necessary. This is done with signals spectral analysis, applying an integral

transformation, which converts a function of time into a function of frequency (Fourier

transform). This kind of analysis is used to determine the averaging window to be applied

for the Reynolds decomposition, and separate turbulent from advective processes, using

the firsts (w′ C ′) to calculate their correlation, i.e. the eddy flux.
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Of special usefulness for EC flux analysis are the power spectra of a signal (e.g. horizontal

velocity component, Fig. 1.6 ) and the (co)spectrum of w′ and C ′ (Fig. 1.7 ). The

(co)spectrum, as an integral over the whole frequency range, expresses the magnitude

of the vertical O2 flux at different frequencies (e.g. Stull, 1988, Priestley, 1992):

Flux =

∫ ∞

0
Cow′C′(f)d(f) (1.5)

where f is the frequency. This information, apart from giving the flux magnitude, can

be used to evaluate if the O2 microelectrode response time is sufficient to capture all

turbulent fluctuations contributing to the vertical transport of O2.

Figure 1.7: Cumulative (co)spectrum showing the frequency range of the flux-
contributing eddies. The vertical dotted line marks the averaging window, i.e. Reynolds

decomposition.

The detection limits of both the ADV and the oxygen sensor give an indication of flux-

relevant resolution of the two signals. Under unfavorable conditions of especially weak

turbulence or low oxygen gradients, the fluctuations may be too small to be resolved.

However, the noise of the two sensor signals at the smallest scales (high frequencies) is

mostly uncorrelated and does not contribute to the integral of the (co)spectrum. There-

fore, the signal-to-noise ratio of the smallest fluctuations improves by several factors if

only their correlation is considered (Goodman et al., 2006).
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1.4 Comparison between in situ benthic flux methods

The selection of the most appropriate method to quantify benthic fluxes among benthic

chambers, microsensor profiles and eddy correlation technique (Fig. 1.8), depends on

the ecosystem and on the spatial-temporal scales that need to be addressed.

Figure 1.8: Comparison between in situ benthic flux methods. A set of microelec-
trodes connected to a profiler for in situ measurements (left), stirred benthic chamber
deployed in shallow sandy sediments (middle), a sketch of eddy correlation where the
dashed square indicates the sampling volume (right). Below, plots of the respective
measurements used to infer dissolved oxygen uptake, total oxygen uptake and eddy-

flux are shown..

On the other hand, the spatial and temporal scale at which benthic exchanges are

measured may determine differences in the obtained fluxes, that can be attributed to the

different factors that are taken into account by the selected method (e.g. bioturbation,

water column dynamics).

In contrast to total fluxes measured by chamber incubations, fluxes measured by micro-

profiling represent the diffusive oxygen flux. This essential difference between microelec-

trode profiling and incubation measurement techniques often leads to a discrepancy in

calculated oxygen fluxes (Grenz et al., 2003; Rabouille et al., 2003). The microprofiling

method measures a local point flux, hence the effects of bioirrigation occurring away from

the microsensor cannot be determined. Therefore the ratio between the total oxygen



Chapter 1. Introduction 23

uptake and diffusive oxygen uptake can be used as a measure of benthic fauna-mediated

oxygen uptake (Glud et al., 1994; Wenzöfer and Glud, 2002), which includes the direct

respiration by the macro- or meiofauna (Glud et al., 1994, Heip et al., 1995; Soetaert et

al., 1997). Thus, the application of both methods is required to properly investigate the

oxygen demand and the pathways of oxygen in the sediment. While benthic chamber

incubations may represent better the flux estimation on meiofauna dominated systems,

microsensors allow an insight into the sediment, providing information on the vertical

zonation of biogeochemical processes.

Rasmussen and Jørgensen (1992) suggested that the ratio between total and diffusive

oxygen uptake (TOU/DOU) varies from 1.5 to 2.6 in central Aarhus Bay, Denmark,

and in the southern Kattegat area of the North Sea, and Archer and Devol (1992)

found a TOU/DOU radio of 2-3 on the Washington shelf, attributing it to bioirrigation

activities. By correlating TOU/DOU ratio with water depth it was shown how the

diffusive-mediated oxygen uptake completely dominates below 3500 m depth, while the

fauna-mediated oxygen uptake becomes quantitatively more important at water depths

shallower than 1000 m (Wenzöfer and Glud, 2002, Glud, 2008). On average, the DOU

only accounts for 43% of TOU in non-photic, cohesive sediments at water depths >100

m (Glud 2008).

Benthic chambers and microprofilers can provide reasonable flux estimates especially in

non-bioturbated sediments of limited permeability. Moreover, these techniques cannot

take into account the natural in situ variability of physical forcing on the sediment surface

due to the water column motion. Indeed the dynamic conditions driven by meteorological

forcing that seldom occur in shallow waters, which are extremely variable even on short

time scales, cannot be truly reproduced for chamber incubations.

As reviewed by Reimers et al. (2001) and Viollier et al. (2003), the potential concerns

on benthic chambers method’s limitation are (1) changes in the hydrodynamic regime,

including the diffusive sublayer adjacent to the sediment surface; (2) artificially inducing

or blocking advective pore water flow (especially with permeable sediments); and (3) ar-

tifacts caused by chambers disturbing the water and sediment layers to be studied. Glud

and Blackburn (2002) argued moreover that the insertion of small chambers will damage

a greater number of fauna and burrows, which could enhance the oxygen flux. being

these effects proportionally greater when overall oxygen fluxes are low. The greatest lim-

itation for the application of benthic chambers is therefore related to coastal systems,

since generally the dominating transport mechanism contributing to the sediment-water

exchange of solutes at these sites is the pore water advection (see Sect.1.1.2.2). With this

respect emerges the most advantageous feature of eddy correlation (EC) measurements,
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i.e that are done under in situ conditions over nearly any kind of surface, with minimal

disturbance of the sediment and benthic boundary layer.

Several studies were conducted obtaining comparative measurements between EC, mi-

croprofiles, and chamber incubations (Berg et al., 2003, 2009; Kuwae et al. 2006, Berg

and Huettel, 2008; Reimers et al., 2012; present study).

For those ecosystems where advective processes and meiofauna mediated oxygen uptake

is negligible, O2 fluxes obtained by the three methods result in close agreement (Berg et

al., 2003, 2009; present study). For permable sediments instead, it is not yet possible to

define whether there is a relationship between O2 fluxes obtained with EC and chamber

incubations. It should be demonstrated whether there is a benefit gained by comparing

EC with other methods, considering the uniqueness of this approach for the estimation

of benthic fluxes. This is still a matter of debate, and will be discussed in the present

work.
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1.5 Objectives

The main focus of this thesis was on evaluating benthic exchange dynamics, and the rela-

tive consequences on carbon mineralization rates, from in situ and laboratory multiscale

measurements.

Methods for in situ investigation of benthic fluxes have different spatial and temporal

resolution: 1) microprofilers allow a high resolution description of pore water proper-

ties measurable by microsensors, and diffusive solute exchange rates at a single point,

2) benthic chambers allow total benthic exchange rates of any measurable property

on incubated portions of sediments and overlying water, covering areas of approx. 30

cm2, 3) eddy correlation systems measure total benthic exchange rates (so far mainly

oxygen, temperature and conductivity) integrated on several m2 of on undisturbed sub-

strates.

Fluxes measured with each of these techniques can eventually include/exclude factors

that may influence sediment mineralization rates, more or less severely, depending on

the ecosystem under study. Therefore, the integration of the different techniques al-

lows emerging insights on the biogeochemical processes of surface sediments. However

important aspects, when evaluating flux measurements, are related to the method; is

to say that is crucial to evaluate if the discrepancies between the measurements with

different techniques are due to the distinct scales and processes addressed, or rather to

method-related biases.

This context is carefully examined in this work, among the different settings where flux

measurements were performed, especially in light of the fact that eddy correlation (EC)

is a relatively new technique, which needs more case studies to assess the relationship

with other flux measurements.

Laboratory studies, models and in situ data were used to identify and quantify errors

introduced by sensor limitations and errors generated by the hydrodynamic context on

EC flux measurements. By this, we aimed to achieve a more robust interpretation of

EC-fluxes in general, as well as apply it to challenging environmental conditions, as

oligotrophic deep-sea sediments.

On the other hand, by integrating different flux methods we wanted evaluate which

limitations and advantages are related to the application of benthic chambers and EC.

A further aim was to gain insights on biogeochemical processes for locations that are still

overlooked in the context of global carbon budgets, such as Arctic deep-sea sediments

and permeable sediments impacted by groundwater discharge.
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The main questions:

- Is the variability that we encounter in EC-fluxes related to natural dynamics, or rather

to uncertainties generated by the deployment design of the system? Can we detect biases

and propose corrections? (Chapters 2,3)

- Can the EC technique be suitable for long-term benthic flux measurements in deep-sea

sediments with clear waters and low turbulence? What are the benthic boundary layer

conditions for the application of the state of the art EC technique? (Chapter 2,4)

- How the discharge of anoxic freshwater influences biogeochemical processes in coastal

sands of a southern Baltic coast? Can we directly quantify seepage rates and their

impact on benthic solute exchanges? (Chapter 5)
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1.6 Outline of enclosed manuscripts

The thesis comprises 4 manuscripts presented as chapters.

Chapter 2: Improving precision and confidence of aquatic eddy corre-

lation benthic solute exchange measurements

Daphne Donis, Moritz Holtappels, Christian Noss, Cecile Catalot, Andreas Lorke, Kasper

Hancke, Filip Meysman, Frank Wenzhöfer, Ronnie N. Glud and Daniel F. McGinnis

(28.10.2013 - in preparation for Environmental Science and Technology)

D.D. analyzed and evaluated EC data from flume experiments and wrote the manuscript

with editorial help and input from D.M.G., M.H. and F.W. This study was initiated

by a group of EC users from different institutions (University of Southern Denmark-

NordCEE, NIOZ, University of Landau, MPIMM). PIV-LIF measurements were per-

formed, analyzed and evaluated by C.N., chamber incubations and microprofiles from

C.C., model of oxygen microsensor from M.H.

Chapter 3: Effects of transient bottom water currents and oxygen con-

centrations on benthic exchange rates as assessed by eddy correlation

measurements

Moritz Holtappels, Ronnie N. Glud, Daphne Donis, Bo Liu, Andrew Hume, Frank

Wenzhöfer, and Marcel M. Kuypers

(2013-Published in Journal of Geophysical Research 118(3), 1157-1169)

D.D. carried out part of the measurements and provided comments and input to an

earlier version of the MS written by M.H. This study was initiated by M.H. with input

provided by the rest of the coauthors.

Chapter 4: Benthic boundary layer conditions for eddy correlation mea-

surements in oligothrophic deep-sea: extremely low oxygen fluxes in

Arctic sediments (HAUSGARTEN observatory)

Daphne Donis, Moritz Holtappels, Daniel F. McGinnis, Janine Felden and Frank Wenzhöfer

(28.10.2013 in preparation for Limnology and Oceanography Methods)

D.D. analyzed and evaluated EC data and wrote the manuscript with editorial help from

F.W. who initiated the study and was responsible for the benthic deployment together

with J.F, who provided microprofiler data.
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Chapter 5: Biogeochemical impact of submarine groundwater discharge

on coastal surface sands of the southern Baltic Sea as revealed by in-situ

SBC (stirred-benthic chamber) measurements

Daphne Donis, Felix Janssen, Frank Wenzhöfer, Olaf Dwelling, Peter Escher and Michael

Böttcher

(28.10.2013 in preparation for Estuarine Coastal and Shelf Science)

D.D. contributed to the organization of the two campaigns, to the deployment of the in-

struments, and collection of samples. She evaluated the data and wrote the manuscript

with editorial help and input from F.J and comments of M.B. This study was initiated

by M.B. (IOW) within the AMBER project. Samples were analyzed at IOW by O.D.

and P.E.
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This study was carried out within the framework of the 7 FP EU Project SENSEnet, a

Marie Curie funded Initial Training Network which brought together leading scientists

and researchers from across Europe with the aim of developing novel sensors for the

marine environment. Work Package 2, at which this work was affiliated, was dedicated

to the improvement and development of autonomous sensors, analysers and microsystem

technology for chemical monitoring.

Financial support to this work was as well provided by the Helmholtz Alliance ”ROBEX”.
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Chapter 2. Precision and confidence of aquatic EC

2.1 Abstract

Eddy correlation (EC) measurements of benthic fluxes are based on simultaneous mea-

surements of current velocity and a targeted constituent (i.e. O2, H2S, temperature,

salinity). Measurements are collected at a fast sampling rate (64 Hz) at a single point

above the seafloor using an acoustic Doppler velocimeter (ADV) and a fast microsensor.

The EC advantages are that (i) is non-invasive, (ii) integrates over a large footprint

area, (iii) incorporates in situ hydro-dynamics, and (iv) provides a long-term estimation

of vertical fluxes. Aquatic EC has gained acceptance as a complementary and powerful

technique for resolving in situ benthic exchange rates, however, there are no common

protocols for data treatment to assess uncertainties or correct biases related to the na-

ture of the method. Here, we present and discuss oxygen EC flux measurements that for

the first time were conducted in well-constrained large-scale flume facilities. These novel

observations aid in the understanding of the method, and are used to consolidate pro-

cessing procedures and define deployment expedients for improving the precision (and

confidence) of EC measurements.
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2.2 Introduction

Aquatic eddy correlation is an increasingly common technique to infer exchange rates

across the sediment-water interface. It allows a direct quantification of vertical fluxes

from the correlation between the fluctuations of vertical velocity and a constituent con-

centration (or a scalar). Most of the EC applications in marine biogeochemistry were so

far dedicated to estimate benthic oxygen fluxes (Berg et al., 2003; Kuwae et al. 2006;

McGinnis et al. 2008; Brand et al. 2008; Berg et al. 2009; Reimers et al. 2012), showing

promising results for substrates and ecosystems where conventional methods are difficult

or impossible to apply (Glud et al., 2010; Hume et al. 2011; Long et al. 2012; Berg et

al., 2013; Long et al. 2013).

The EC oxygen flux estimation is based on simultaneous high frequency measurements

of the vertical (normal to the local streamline) component of flow velocity as well as

oxygen concentration (Lorke et al., 2013). Performed at a single location just above

the sediment, the resulting flux represents an areal average over a footprint area (Berg

et al. 2007). Resolving instantaneous quantities and fluctuations of vertical velocity

and oxygen concentration require that (i) the measurements have to refer to the same

sampling volume and the same sampling time, and (ii) all ”flux-carrying” eddies are

resolved (Swinbank et al., 1951; Foken, 2004; Lorrai et al. 2010).

These requirements however are not always fulfilled, due to instrument, sensor and

deployment limitations. The physical separation between the oxygen and velocity mea-

surement locations causes systematic uncertainties that, if not eliminated or corrected,

potentially produce biased flux estimates with poor accuracy (Billesbach, 2011). There-

fore the respective times series must be aligned with a time-shift correction to correct

for this systematic bias (McGinnis et al., 2008; Lorrai et al., 2010).

Additionally, the slower response time of the oxygen sensor compared to the velocity

measurements also needs to be considered and, if necessary (and possible), also corrected.

A longer response time of the oxygen sensor can mean that additional time-shifting is

necessary. Furthermore, slower response times can dampen the high frequency fluctua-

tions, and can lead to additional flux bias (Eugster and Senn, 1995; Aubinet et al., 2001;

McGinnis et al 2008; Lorrai et al., 2010).

In general, the biases introduced to flux estimates due to the distance between the O2

and velocity sensors and the response time of the oxygen sensor are difficult to estimate.

Previous investigations (McGinnis et al., 2008; Lorrai et al., 2010) have demonstrated

that the lag between concentration and velocity can be minimized with pre-measurement

considerations (e.g. by knowing the response time of the oxygen sensor and the exact

distance between the latter and the velocity sampling volume) and post-processing proce-

dures (e.g. time-shift correction), however there exists no dedicated quantitative studies

evaluating the potential effects of time-shifts or tools for dealing with this important
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issue.

Our EC testing for this study encompass the results of two experimental workshops ded-

icated to EC flume studies: one centered around a large scale flume that could contain

the EC setup in an unobstructed flow field, and one centered around a small-scale flume

set up to perform Particle Image Velocimetry- Laser Induced Fluorescence (PIV-LIF)

measurements combined with EC measurements. We present the results from experi-

ments carried out during these two complementary workshops including: (i) direct EC

measurements to investigate biases and signal loss resulting from flow direction and

oxygen sensor response time, (ii) PIV-LIF measurements to visualize the advective and

turbulent transport in the flow field and to verify how the time-shift is related to in-

creasing the displacement between velocity and oxygen concentration measurements,

and (iii) a numerical model of a Clark type microelectrode to quantify and compare

EC fluxes obtained with different oxygen sensor response times. With these results, we

improve the EC best practice knowledge and provide suggestions for designing EC field

deployments as well as for data processing.

2.3 Materials and procedures

2.3.1 Workshop 1: EC measurements

2.3.2 NIOZ flume set up

An EC system (Berg et al., 2003) consisting of an acoustic Doppler velocimeter (ADV)

and two O2 microelectrodes was submerged into a large race-track flume facility (Fig.

2.1) with a total length of 17.55 m, 60 cm width, a straight working section of 10.8 m

and a total capacity of about 10 m3. The water flow was generated by a conveyor belt

system, which uses a series of paddles to drive the flow at the sediment-water interface

(for specifications see Bouma et al., 2005).

The flume was filled with a bed of natural cohesive sediment (porosity = 0.6 ± 0.09,

organic carbon = 1.9 ± 0.4 wt%) obtained from an intertidal flat at Kapelle Bank

(Westerschelde estuary, The Netherlands). Sediment collection took place 10 days prior

the start of the experiments. At low tide, the top 10 cm of the surface sediment was

collected, brought back to the flume facility and gently homogenized.

The sediment was subsequently used to cover the working section of the flume (8 m in

front; Fig. 2.1) with a sediment layer of 5 cm thickness, ensuring a flat sediment-water

interface. Seawater from the sampling site was added (salinity: 32 psu ) and reached a

depth of 30 cm layer in the working area. The sediment was allowed to equilibrate for

10 days to reach quasi steady state O2 distribution. Temperature was kept constant at
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17.4 ◦C. During the entire experiment, the temperature and O2 concentrations in the

flume water were monitored with macro optodes (Aanderraa R© Norway) located before

the flow straighteners and at the end of the straight work section (Fig. 2.1).

2.3.3 EC system

The EC system consisted of an Acoustic Doppler Velocimeter (ADV, Nortek, Norway)

with two analog inputs allowing two O2 sensors to be simultaneously deployed. Dissolved

O2 fluctuations were measured with two Clark type O2 microelectrodes (Revsbech, 1989)

each connected to a gain adjustable, galvanically insulated amplifier (McGinnis et al.,

2011). All O2 microelectrodes used for the study were calibrated against the saturated

flume water (with known salinity and temperature) and anoxic water at the same tem-

perature (Gundersen et al. 1998).

The ADV sampling volume, located 15.7 cm below the probe, has a hourglass shape

with both base diameters and height of 14 mm, defined by the interception of the three

beams, together with the width of the transmit pulse (Lohrmann and Cabera, 1994).

For simplicity we considered a cylindrical shape with the same dimensions, to set the

distance of the O2 sensor tips (taking into account that the velocity measurement takes

place at the center of the cylinder).

2.3.4 Flux analysis

Both, O2 concentrations and velocities, were sampled with 64 Hz and afterwards av-

eraged to 8 Hz to improve the signal to noise ratio, and to increase the convenience

of data handling. Single-point velocity spikes were replaced with values interpolated

from neighboring data points. Velocity spikes were removed by the interpolation from

neighboring data points (as described by Goring and Nikora, 2002) with an ADV beam

correlation threshold of 70%.

The mean vertical velocity component w (w = w’ + w, where prime and overbar denote

the temporal fluctuation and mean, respectively), as well as the mean O2 concentration

C (C = C’ +w) were calculated by moving average with a window length of 60 s. This

interval, used for Reynolds decomposition, was based on the power spectral density of

the vertical velocity component (data not shown), from which is indicated the inertial

subrange. The chosen window size is sufficiently long to include the frequencies that

contribute to the vertical flux.

The O2 fluxes were calculated as follows:

C ′jw
′
j =

1

N

N∑
j=1

[(Cj − C)(wj − w)] =
1

N

N∑
j=1

C ′jw
′
j (2.1)
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where N is the number of samples, corresponding to the average interval of 5 minutes,

used for cross correlation of w’C’. This average interval was chosen as a good balance

between a clear data visualization and a high temporal resolution.

2.3.5 Time-shift correction and p-value

EC flux represents a temporal correlation of two measured quantities, the most straight

forward assessment of uncertainties is determining the significance of the correlation

between w’ and C’ (Holtappels et al. 2013).

We determined the probability for a non-significant cross correlation (p-value) to assess

the uncertainty of the results. The significance of the cross correlation between w’ and

C’ was evaluated by calculating the probability of receiving the same correlation (i.e.

the same flux) from random data. The threshold for a significant flux was set to 5 %.

The time-shift correction was performed for each 5 minute interval by shifting the time

series of C’ and w’ against each other using a step size of 0.125 s (defined by the sampling

rate of 8 Hz) and a maximum shift based on the response time of the O2 sensor of± 2 s (or

± 4 s when the response time of the sensor required it). For each step, the correlation and

the corresponding p-value were calculated. Time-shift with minimum p-value indicated

maximum correlation, which was subsequently used to calculate the average eddy flux.

The time-shift interval (ts) necessary to reach the maximum correlation is expected to

be in the range of the theoretical ts given by the sum of O2 sensor response time and

the traveling time between O2 sensor and ADV measuring volume.

2.3.6 Time-shift effect on O2 fluxes measurement for different sensors

distance and orientations: experiment 1 and 2 (Exp.1, Exp.2,

Exp.3)

For Exp.1 and Exp.2 we used two O2 sensors with similar response times of τ 90 = 0.35

s. The response time τ 90 was defined and measured as the time required for the sensor

signal to reach 90% of the steady-state signal after a sudden concentration change. The

sensors were positioned at different distances from the edge of the ADV sampling volume:

one at 10 mm and one at 23 mm. The EC system was turned in order to have the O2

sensors oriented either downstream, upstream or normal to the flow direction (Fig. 2.2):

these three configurations are expected to cause distinct time-shifts (ts) between w’ and

C’.

Table 2.1 summarizes the deployment duration, orientations and flow magnitude ranges

for the presented experiments.



Chapter 2. Precision and confidence of aquatic EC 37

Exp.1. Downstream and upstream O2 sensors orientation - The experiment consisted in

a 210 minutes deployment during which the EC system was turned by 180 degrees after

60 min and re-positioned at starting orientation after 120 min of measurements. The

bulk flow velocity was set at 7.4 cm s−1 for the first 30 minutes, 2.8 cm s−1 for the next

50 minutes, 8.4 cm s−1 for the following 20 minutes and at 7.4 cm s−1 for the remaining

time.

Downstream case: the EC was positioned in a way that the flow passed first the velocity

sampling volume before it reached the O2 sensors. Therefore ts was given by the O2

sensor response time added to the water parcel traveling time determined by the flow

velocity.

Upstream case: the EC was positioned in a way that the flow passed first the tip of the

O2 sensor at 23 mm, then the tip of the O2 sensor at 10 mm and at last the velocity

sampling volume. The given ts was thus determined by the O2 sensor response time

minus the water parcel traveling time.

Exp.2. Normal O2 sensors orientation - Exp.2 was carried out for 110 minutes in which

the same EC system was positioned in a way that the flow was coming from the side of

the O2 sensors (normal orientation) for the entire time with the velocity fixed at 11 cm

s−1. In this case, the velocity sampling volume and the two tips encountered the flow

at the same time, thus ts was determined only by the response time of the O2 sensor.

O2 sensors response time effect on EC fluxes measurements: experiment 3 (Exp. 3)

A third experiment was conducted to measure simultaneous fluxes with two O2 sensors

with different response times of 0.35 s and 3 s. Both sensors were positioned at 10 mm

distance from the velocity sampling volume and oriented downstream with a fixed flow

velocity of 7.4 cm s−1 for 50 minutes. The measurements were compared with results

from a 1D numerical model of a O2 microelectrode (see below).

2.3.7 Theoretical and calculated time-shifts

Theoretical and calculated time-shifts (Tts and Cts) were determined for each orienta-

tion of the O2 sensors at different distances from the velocity sampling volume. Tts is

the expected displacement of the time series w’ and C’, given by the sum of O2 sensor

response and traveling time (depending on the distance between the sensor, flow veloc-

ity and direction). Cts is calculated by selecting the most robust correlation over ± 2

seconds (for positive and negative correlations) for each 5 minutes burst.
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2.3.8 Microprofiles and Dissolved O2 Uptake (DOU) rates

Oxygen distributions in the sediment were measured directly in the flume (Yerseke) using

Clark type microelectrodes (Revsbech, 1989). The sensors had a tip diameter of 50 μm

and a 90% response time less than 5 s. A linear two point calibration was performed

using air saturated wa-ter of the flume tank and the zero O2 reading in the anoxic

part of the sediment. The micro-electrodes were positioned using a motor-controlled

micromanipulator controlled with a PC computer (Unisense, Denmark). Measurements

were conducted at three different flow velocities (18, 7.1 and 2.7 cm s−1, 0.4 m and 1.5

m and downstream and 1.5 m upstream from the EC device.

Diffusive O2 uptake (DOU) rates were calculated from O2 concentration gradients at

the sediment-water interface using the 1-D Fick’s first law of diffusion:

DOU = φDO2

dO2

dx
(2.2)

where φ is the porosity at the sediment-water interface (0.85 for these sediment), DO2

is the molecular diffusion coefficient of O2 (cm s−1) at in situ temperature and salinity

and dO2
dx is the O2 gradient just below the sediment-water interface (estimated from the

pro-files).

2.3.9 Incubations and Total O2 Uptake (TOU) rates

To complement the calculated DOU measurements we also performed core incubations

in the flume, 4 m upstream from the EC system (Fig. 2.1). Three of the acrylic chambers

(∅: 11 cm, height: 7 cm) were gently pushed down to the bottom of the flume in order to

enclose and seal the complete layer of sediment. One chamber was completely filled with

flume water and sealed to assess for potential O2 consumption of the water. All chambers

were closed with a lid that contained a magnetic stirrer and O2 sensor (Firesting oxygen

optode, PyroScience GmbH, Germany). The O2 concentration was continuously logged

during incubations, which lasted for 20 h. Sediment total O2 uptake (TOU) rates were

computed by linear regression of the O2 concentrations within each chamber over the

first period of the incubation (O2 decrease < 20 %).

2.3.10 Workshop 2: PIV-LIF measurement

2.3.11 Landau flume set up

To estimate the effect of a displacement between the velocity and concentration sampling

vol-ume on the apparent fluxes we used a PIV-LIF (Particle Image Velocimetry- Laser
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Induced Fluorescence) system (Dantec Dynamics, Denmark) to visualize simultaneously

the flow field and concentration values. Simultaneous visualization of velocity vectors

and concentrations in aquatic environments are frequently applied to estimate fluxes

above smooth and rough boundary layer flows (Reidenbach et al. 2010), turbulent jets

(Webster et al. 2001) or fluxes induced by animals (Noss and Lorke 2012).

Measurements were conducted in a small flume with a test section, 3 m long, 36 cm wide

and 33 cm deep (University of Landau, Germany; www.uphysik.uni-landau.de). A con-

tinuous sink of O2 was introduced by injecting 318 ml min−1 of O2-depleted, rhodamine

dyed (Rh6G, Sigma Aldrich, USA) water in front of the test section. The injection using

a horizontal line source was placed behind an inlet flow-straightener and 5 cm above the

wave-formed bottom roughness of the flume. The fluorescent dye was previously added

to the anoxic water and simultaneously injected at a rate of 1.34 mg min−1. After

passing the test section, the water was pumped back to the inlet of the flume causing

a continuous increase of background Rh6G con-centration over time. However, it is as-

sumed that no spatial gradients of O2 and Rh6G exist at the inlet of the test section,

i.e. O2 and Rhodamine were fully mixed after passing the re-circulating pump.

The injections lasted for 9 min and maximal observed dye concentrations (cRh6G <

0.08 mg L−1) were within the range of linear response (Arcoumanis et al. 1990; Shan

et al. 2004), i.e. below the threshold of ambiguity of the fluorescent-concentration re-

lationship. Hence, fluorescent intensity was directly proportional to O2 concentrations

after correcting for the continuously increasing background in Rh6G concentration.

PIV-LIF measurements- Instantaneous and mean turbulent fluxes were estimated for the

entire field of view by multiplication of velocity and concentration fluctuations in each

interrogation area (IA) and averaging the products over the sampling interval. Four lo-

cations at different vertical positions and with different mean flow velocities, turbulence

intensities and shear stresses (Table 2.4) were selected to study how the displacement

between sampling positions of flow velocity and O2 concentration affect their correlation,

i.e. the resulting flux. For the sake of simplicity, velocity and concentration measure-

ments are taken from single interrogation areas, thereby neglecting the different sensor

related sizes of the sampling volumes.

Temporal cross-correlation analyses were performed between vertical velocity fluctua-

tions at a fixed longitudinal position x and concentration fluctuations at positions x +

dx, where dx varies between 0 and 58 mm and denotes the longitudinal displacement of

the concentration reading in the downstream direction. Time-shifts ts (corresponding

to time-shifts of the maximal negative correlation) were estimated for all displacements

at each location.

Instantaneous three-dimensional flow velocities were measured in a thin 21 cm times 21

cm laser-light sheet, which was aligned with the longitudinal and vertical axes of the

flume using stereoscopic particle image velocimetry (Adrian 1991). Buoyancy neutral
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seeding particles (20 m PE, Dantec Dynamics, Denmark) in this field of view were illumi-

nated by a double pulsed 532 nm laser with 12 ms between the pulses at a measurement

frequency of 7.4 Hz and recorded by two 4 megapixel CCD cameras. A two frame adap-

tive correlation analyses was conducted for 32 x 32 pixel interrogation areas (IA) with

50 % overlap for velocity vectors observed by each camera. Finally, three-dimensional

velocity vectors were received with 1.92 mm longitudinal and 1.67 mm vertical resolu-

tion. Turbulent velocity fluctuations were computed by subtracting the temporal mean

velocities from instantaneous velocities.

The planar laser induced fluorescence (Crimaldi 2008) of Rh6G was measured simulta-

neously to the PIV images. The wavelength of the maximum fluorescence intensity of

Rh6G (555 nm) was transmitted while the green laser light was blocked by a band pass

filter (Stemmer Imaging, Germany) and intensities recorded by a third 4 megapixel CCD

camera similar to the PIV cameras. Raw LIF images had been pixel-wise post-processed

to remove and compensate for (i) background illuminations and electronic noise of the

camera, (ii) inhomogenous light distribution, (iii) temporal laser power fluctuations and

(iv) the continuously increasing background con-centration of Rh6G. Beforehand Rh6G

concentrations were estimated from an experimentally obtained fluorescence intensity-

Rh6G concentration calibration. At last pixel-wise O2 concentrations had been averaged

to receive the respective O2 concentration of each IA for further assessment of the fluxes.

2.3.12 Numerical model of a Clark type microelectrode

A numerical model was developed and applied to compare EC fluxes obtained with

different O2 sensor response times.

Two data sets measured during the 50 minutes run (Exp. 3) were used as O2 input at

the sensor tip for the model. First, the O2 concentrations recorded by the fast sensor

were used as input for the slow sensor model to analyze the effect of a long response

time. However, this assumes that the fast sensor represents the true O2 fluctuations in

the sampling volume, which is not the case. To approximate realistic high frequency

O2 oscillations we used the measured vertical velocity fluctuations as a second input

data set for the slow and fast sensor model. For this, the amplitude of the vertical

velocity fluctuations was adjusted until the standard deviation matched those of the O2

concentration fluctuations. The resulting artificial O2 time series was multiplied by -1

assuming a maximum negative correlation with the vertical velocity fluctuations (i.e. a

downward flux).

O2 sensors for EC-measurements have a response time in the range of 0.1-0.5 s, whereas

the time scale for small eddies of the Batchelor length scale (1-10 mm) to pass the sensor

can be significantly faster. An eddy of 3 mm size has for instance a time scale of 0.2 s
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(Kolmogorov 1941). It is therefore necessary to investigate the effect of the O2 sensor

response time on a dynamic O2 signal. The design and function of an O2 microsensor

is described in detail by Revsbech (1989).

Microelectrodes are equipped with a guard cathode and an internal reference. Oxygen

diffuses through a silicone membrane at the sensor tip into the electrolyte to the cathode,

where it is reduced by consuming four electrons per O2 molecule (Fig. 2.3-A). The

measured flow between cathode and anode reflects the O2 flux to the cathode, which is

proportional to the concentration outside the sensor. The signal transfer from the sensor

tip to the cathode was simulated by Gundersen et al. (1998) using an analytical diffusion

model. However, steady state O2 concentrations are a prerequisite for this model. The

model applies only if the O2 concentration at the sensor tip is constant for at least the

time needed to reach a steady state flux between sensor tip and cathode. Therefore, we

applied a numerical model using the finite element program COMSOL Multiphysics R©
4.3 (www.comsol.com) to simulate the O2 flux in fast (0.35 s) and slow (3 s) responding

sensors.

The flux from the sensor tip through the membrane (ME) and the electrolyte (EL) to

the cathode was modeled using a 1-D diffusion model. The governing equation was given

by

δCi

δt
+∇ · (−Di∇ci) = 0 (2.3)

The domain consists of two parts, membrane and electrolyte (Fig. 2.3-A), with diffu-

sivities of 0.69 and 1.00 x 10−9 m2s−1, respectively. The applied physical dimension of

the sensors were determined by microscope (Fig 3-A). The maximum element size in

the domain was 0.05 m. The concentration at the cathode was set to zero, whereas the

concentration at the tip was set to realistic O2 concentrations. The concentrations in

the domain were calculated using a time dependent solver. The output concentrations,

Cout, of the sensor model were calculated from the modeled flux at the cathode Jcath

and the mean input concentrations at the sensor tip Cin.

The response time of the sensor models was estimated by applying abrupt changes of

O2 concentrations at their tip. The models were validated by comparing modeled and

measured response times (Fig. 2.3-B and C).
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2.4 Results

2.4.1 Workshop 1: EC measurements

2.4.2 Time-shift effect on O2 fluxes measurement for different sensors

distance and orientations: Exp.1 and Exp.2

To illustrate the effect of the time-shift on the EC fluxes, the results for both O2 sensors

(10 mm and 23 mm distant) and the three orientations (Fig. 2.2; downstream, upstream

and normal) are presented together with the time-shifts and p-values over the entire

deployment (Fig. 2.4 A-D).

The calculated time-shift (ts) required for optimal correlation between w’ and C’ for

both sensors increases with decreasing flow velocity (Fig. 2.4-B). As expected the sign

of ts also reversed when shifting the sensor orientation from down- to up-stream (grey

area in Fig. 2.4-B). During the upstream orientation, ts decreases with increasing flow

velocity. Figure 4-B also illustrates that the O2 sensor at 10 mm from the velocity

sampling volume has a more stable ts compared to the sensor at 23 mm, particularly

with low velocities and normal orientation.

As the lag time is caused by both the travel time between the sampling volumes and by

the response time of the O2 sensor, we compare the calculated time-shift (Cts ) to the

theoretical time-shift (Tts ) obtained by the sum of these two factors (Fig. 2.5).

All Tts and Cts are significantly different between downstream, upstream and normal

flow, indicating that the applied correction closely reflects the theoretically expected

time-shift (Fig. 2.5). However, all Cts are larger than Tts , with a larger discrepancy for

the normal orientation, for which the times shift calculations also exhibit high variability

for the farthest sensor (Fig. 2.5). We also find less robust fluxes associated to unstable

ts, shown by the higher p-values (Fig. 2.4 C-D).

Averaged O2 fluxes measured during Exp.1 and Exp.2 are listed in Table 2.2. The

time-shift correction leads to an increase in the O2 flux magnitude, however in both

cases (with or without time-shift correction) there is no significant difference between

the average fluxes obtained from the two sensors located at 10 and 23 mm from the

velocity sampling volume (Table 2.2).

Nevertheless, fluxes magnitudes obtained for different distances are in good agreement

only if all orientations are included in the average. Indeed, if the different orientations are

examined separately, fluxes obtained for downstream orientation are significantly greater

than those obtained from the upstream and normal orientation. The disagreement is

likely related to the flow direction and most importantly not compensated by the time-

shift correction (Table 2.2).

For all sensor orientations the corrected ts for the sensor placed at 10 mm distance
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resulted in more robust correlations, supported by p-values lower than the 5% threshold

(data not shown). Only for the normal orientation did non-shifted time series result in

non-significant correlations (3 bursts over 21 for sensor at 10 mm, and 5 bursts over 21

for the sensor at 23 mm).

2.4.3 Fluxes obtained by microprofiles and incubations

Diffusive O2 uptake (DOU) rates measured by microsensors did not show any statistical

differences (p < 0.05) between sensors placed at different locations (-156, 40 and 158 cm

see Fig. 2.1) in the flume (Table 2.3), with an overall average of -12.4 ± 2 mmol O2 m−2

d−1. Similarly, no difference in DOU (Table 2.3) was observed for varying flow velocities

(18, 7.1 and 2.7 cm s−1), with an overall averaged flux of -13.4 ± 2 mmol O2 m−2 d−1.

TOU rates obtained by chamber incubations revealed similar values as compared to the

DOU rates with fluxes of -12 ± 4 mmol O2 m−2 d−1.

These rates are closer to EC fluxes after time-shift correction (Table 2.2).

2.4.4 Analysis on single bursts

Spectral analyses is applied for a more in-depth evaluation of EC fluxes obtained for dif-

ferent sensor distances and orientations. The EC flux is expressed as the cross spectral

density of w’ and C’ (cospectrum) represented in a frequency range that is constrained

in its upper limit (higher frequencies) by the sampling frequency and response time of

the sensors and in its lower limit by the 60 s running average used to calculate w’ and

C’. From the cumulative cospectra in Figure 2.6 A-C (for the three different orientation

at flow magnitudes as close as possible) we see that all curves show turbulent eddy con-

tributions at frequencies below 1 s−1. Moving towards lower frequencies the curves of

the cospectra show a gradient of increasing flux (between 10−1 and 100 s−1), represent-

ing the frequency range where the dominant contributions to the vertical O2 flux are

occurring.

The low and high frequency cutoff of the turbulent spectrum can be estimated theoret-

ically (Lorrai et al., 2010). For the flume experimental conditions we can make a rough

estimate considering a bottom drag coefficient (Cd ) for muddy sediments of 0.0025 and

a range of flow velocities between 7 and 11 cm s−1 (U1m). Thus we calculate a range of

friction velocities (u∗= Cd
1/2∗ U1m) of 0.003 < u∗ < 0.005 m s−1 and energy dissipa-

tion (ε= u3∗ / 0.4 *h) rates at 0.1 m above the bottom (h) of 1x10−6 < ε < 4x10−6 W

Kg−1. With these orders of magnitude one obtains turbulent time scales of ∼18 s for the

largest eddies and ∼ 3 s for the smallest eddies. Thus the 60 seconds cutoff is sufficient

to include all turbulent flux contributions and the slope of the cospectra confirms the
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expected inertial subrange.

The correlation obtained for each ts step, and the corresponding p-values, (where the

peak indicates the time-shift needed to reach the most significant correlation) are shown

in Fig 2.6 D-F.

For the downstream case, the cumulative cospectra for both sensors have similar slopes

indicating that the timescale of the smallest turbulent structures contributing to the

flux is 1 s (100 s−1) (Fig. 2.6-A). The peaks of the solid lines in the lower panel (Fig

2.6-D) for the sensor at 10 and 23 mm, indicate that time-shifts (0.7 s and 0.9 s, respec-

tively) are essential to achieve the most significant correlation between w’ and C’. In

the upstream case (Figure 2.6-B), predominant contributions to the flux are in the same

spectral range as for the downstream case (Figure 2.6-A). However, upstream cospectra

reveal a less steep slope compared to the downstream case, indicating a smaller total

flux. The upstream average flux before and after the time-shift correction is of the same

magnitude (Table 2.2), indeed the cospectra also follow the same trend (Fig. 2.6-B). For

this orientation the cross-correlation peak is not sharp, especially for the fluxes obtained

for 23 mm distance between sampling volumes (Fig. 2.6-E).

In contrast, at normal orientation, the time-shift correction has a relevant effect on flux

magnitude only for the 10 mm distance (Fig. 2.6-C). This is also visible from Figure

5-D where the bar plot indicates almost identical fluxes before and after the time-shift

correction.

As shown from the smooth gradients in the cospectra, the poorly pronounced cross-

correlation peaks (Fig. 2.6-F), and from the previous analysis (Fig. 2.5-C and D), the

magnitude of the flux at normal orientation is remarkably smaller than the flux obtained

for the downstream orientation (on average 70% less for 10 mm distance and 85% for

23 mm distance - Table 2.2).

We also observed that for all orientations, after shifting the time series, the significance

of the fluxes is higher for the sensor at 10 mm.

2.4.5 Workshop 2: PIV-LIF measurements

The simultaneous visualization of the flow field and concentration values was performed

with a PIV-LIF set up to determine the relationship between increasing displacement

of the sampling volumes and evaluate the time-shift obtained by maximum (negative)

cross-correlation of w’ and C’. The relationships between apparent time-shifts ts and

longitudinal displacements dx at all tested locations principally follow the reciprocal of

the local mean longitudinal flow velocities u, i.e.ts ≈ -dx/u, in vicinity of the sensor

positions (Fig. 2.7-A). Thus the time-shifts represent the times for advective transport

of O2 from the velocity sampling positions to the O2 sampling positions.
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Cross-correlations of non-shifted time series, however, rapidly decrease with increas-

ing displacement at all observed locations (Fig. 2.7-B). E.g., all non-shifted cross-

correlations at dx = 23 mm (sensor displacement in Exp.1) decreased by at least 50%

of the correlation measured at identical positions (dx = 0 mm). In contrast, cross-

correlations of shifted time series at the same position decreased only by 19% to 1% of

the true flux.

However, taking the three-dimensionality of the turbulence into account, one recognizes

that a time-shift may not simply be the time for a pure longitudinal transfer of O2

concentrations from the velocity sampling position to the O2 sampling position. In

three-dimensional turbulent flow fields it is implausible that all correlated concentra-

tions originate from the sampling volume of the velocity measurement. Pathways, i.e.

x(t),y(t), ending at the O2 sampling position were reversely constructed on the basis of

the temporally resolved velocity vectors and the initial positions tracked at dt = ts. Al-

though most of the initial positions of concentration values, which provide the maximal

negative cross-correlation for dx = 10 mm and dx= 23 mm, e.g. observed at location

B (Fig. 2.8-A), lay within the simulated ADV sampling volume, it is obvious that the

scatter of concentration values increases with increasing displacements (Fig. 2.8-B).

The time-shift indicates only the maximal negative correlation and may also lead to an

overestimation of the apparent flux.

From the PIV-LIF experiment we observe that a 50 mm distance between the O2 sensor

and the velocity sampling volume (with O2 sensors oriented downstream) still provide

only a slightly underestimated flux between 80% and 90% of the true flux values when

time-shifting is implemented (Fig. 2.7-B). However, if no time-shift correction is applied,

the fluxes obtained e.g. for a 20 mm distance between the sampling volumes, would lead

to a profound underestimation, e.g. only 40 % of the true flux would be estimated at

location A (Fig. 2.7-B). For the same orientation (downstream) and distance (23 mm)

from the direct EC measurements in Exp.1 we found a difference between shifted and

non-shifted fluxes similar to the underestimation calculated with the PIV-LIF measure-

ments (ca. 50% - Table 2.2).

2.4.6 Numerical model of a Clark type microelectrode

As the time delay between w’ and C’ is not only caused by the traveling time (visualized

by PIV LIF) but also by the response time of the O2 sensor, we now evaluate the effect

of a slow sensor on the flux estimation through a numerical model that uses input data

from Experiment 3.

The signal of the slow sensor used in Exp.3 was noisy and therefore the power spectrum

(Figs. 2.9 A and C) showed an increased signal strength at high frequencies which was
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above the signal strength of the fast sensor. When using the fast sensor signal as input

for the slow sensor model, the signal strength decreases significantly at high frequencies

indicating that the slow sensor acts as a low pass filter that strongly attenuates the signal

above 0.1 Hz. The deviation of signal strength between the slow sensor model and the

slow sensor measurement can be attributed to high frequency noise. This noise does not

contribute to the flux as indicated by the good agreement between the measured and

modeled slow sensor signal in the cumulative cospectrum and the cross- correlation (Figs.

2.9-E and G). However, compared to the fast sensor measurement the flux calculated

from the slow sensor is reduced by 49%. The maximum cross correlation between vertical

velocities and sensor signal is shifted by 0.4 s and 1.9 s for the fast and slow sensor,

respectively (Fig. 2.9-G). The time-shifts of measured and modeled slow sensor signals

agree indicating that a significant part of the time-shift can be attributed to the signal

response time of the sensor. It should be noted that the signal response time (i.e. τ90)

itself is not necessarily equal to the time-shift in the cross correlation as the latter

strongly depends on the frequency spectra of the signal strength.

Compared to low frequencies, the signal delay is less for high frequencies and thus the

time-shift in the cross-correlation reflects always a combined delay of all frequencies in

the spectrum. In summary, the model of the slow sensor was able to predict the signal

loss of 49% and the time-shift of 1.9 s.

By using the artificial O2 time series as input for the sensor models it was possible to

test the potential signal loss of the fast sensor. The power spectra show a significant

deviation of signal strength from the input signal at frequencies above 1 Hz (Figs. 2.9-B

and D). The signal loss of the slow sensor model is comparable between the two different

input data sets (Figs. 2.9 A-D). The resulting flux from the cumulative cross-spectrum

is reduced by 15% and 65% for the fast and slow sensor models, respectively (Fig. 2.9-

F). The maximum cross correlation between vertical velocities and model sensor signals

are shifted by 0.2 s and 1.3 s for the fast and slow sensor model, respectively (Fig.

2.9-H). The time-shift is reduced compared to the measured O2 time series (compare

Figs. 2.9-G and H), which can be attributed to (i) the increased signal strength at high

frequencies introduced by the artificial O2 input (compare Figs 2.9-C and D) and (ii)

the traveling time of the eddies, or better the fluid parcels, between the ADV and O2

sensor which does not contribute to the time-shift in the artificial O2 data set. It should

be noted that the artificial O2 data set imply maximum negative correlation between

vertical velocity and O2 concentrations, which is not necessarily the case under natural

turbulent transport conditions. Therefore, model results from the artificial O2 input

represent only potential signal and flux reductions.
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2.5 Discussion

The assessment of turbulent benthic solute exchanges with an EC system requires instan-

taneous measurements of velocities and a scalar at the same point. This is practically

impossible to achieve with the currently available instrumentation, i.e. the combination

of an ADV and a fast responding sensor (here, we examined the most used Clark type

microelectrode for dissolved O2 measurements). Previous work on aquatic EC measure-

ments (McGinnis et al. 2008, Lorrai et al. 2010) have described how the flux mea-

surements are systematically biased due to the different response time and the physical

distance of the sensors. The authors introduced correction procedures which, however,

were based only on theoretical assumptions. Moreover, the corrections were applied to

data sets from EC deployments in natural systems with varying hydrodynamics and the

unknown exact distance between the sensors and their orientation.

Benthic systems can exhibit highly variable fluxes in space and time when changing hy-

drodynamics or waves promote advection of oxygenated water in permeable sediments

(Reimers et al., 2004, Cook et al. 2007, Berg et al., 2013, McGinnis et al., 2013) or when

basin scale waves force intermittent turbulence (Brand et al. 2008; Bryant et al. 2010;

Lorke et al. 2012).

Given that EC measurements are subject to the variability of natural conditions, stan-

dard deviation is not an appropriate statistical parameter for evaluating uncertainties,

and becomes crucial to define cases where the measured variability is a method-related

artifact.

We therefore designed ad hoc experiments in controlled environments (flume tanks)

and a model of a Clark type microelectrode to systematically study the errors caused

by sensor displacement and response times, and evaluate the correction procedures at

hand.

2.5.1 Time-shift, sensors displacement and flow direction

By analyzing EC measurements in the well constrained conditions of a large scale flume

facility, we could assess O2 fluxes for different distances between the O2 sensors and the

velocity sampling volume at different flow magnitudes and directions.

When the flow is parallel to the sensors line (downstream or upstream orientation, Fig.

2.2), the turbulent structures are most probably passing the O2 and velocity sensor with

a delay that depends on the distance between sampling volumes for w’ and C’ measure-

ments and the response time of the O2 sensors.

However, eddy structures undergo changes in their sizes following an energy cascade
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through a spectrum of smaller and smaller eddies (within which inertial forces are dom-

inant). As demonstrated by the PIV-LIF experiment, an increasing distance between

sampling volumes would lower the probability to sample the same eddy structure. This

is likely the reason for the better correlations between w’ and C’ obtained in Exp.1 and

Exp.2 for a distance between sampling volumes of 10 mm compared to 23 mm.

From the PIV-LIF experiment we observe that if no time-shift correction is applied,

the fluxes obtained e.g. for 2 cm distance between the O2 sensor and the velocity sam-

pling volume (with O2 sensor oriented downstream), we obtain a 40% underestimation

of the true flux (determined by PIV-LIF). Although an almost identical underestima-

tion in comparison to Exp.1 might have been observed by chance, Figure 2.7-B shows a

surprisingly narrow range of decrease in fluxes of unshifted series. Hence similar under-

estimations are expected for unshifted correlations between velocities and concentrations

with 2 cm measurement displacements, irrespective of the hydrodynamic conditions at

the sampling spots.

However, the decrease, i.e. the underestimation of fluxes, appears stronger under low

flow and turbulence conditions, if one considers larger displacements between the sam-

pling positions.

When the flow is perpendicular to the sensors line (normal orientation), the probability

for the ADV and O2 sensors to detect the same structure depends on the size of the

dominant turbulent eddies and both sensors have an increasing tendency to be decou-

pled. We can speculate that the two O2 sensors positioned perpendicularly to the flow

have a limited capability to detect the same structure that passes through the velocity

sampling volume, compared to other orientations. We observed that when the flow is

directed normal to the O2 sensors, the flux is 70-85% smaller (depending on the sampling

volumes distance) than the flux measured when O2 sensors are oriented downstream.

The more robust correlations for the sensor at 10 mm, after time-shift correction, may

confirm that a closer distance reduces the decoupling effect, i.e. O2 and velocity sam-

pling volumes have higher probability to share the same eddy structure than for the 23

mm distance.

We also observed that when the orientation of the O2 sensors changes from downstream

to upstream, i.e. the flow passes the microsensor tips first, the flux magnitude and the

significance of the correlation decreased slightly. This effect could be generated by a

disturbed flow imposed by the sensor amplifiers in front of the ADV sampling volume,

even though we did not observe any major effect on the vertical turbulent intensity from

the ADV data. In order to exclude this possibility, further experiments should address

specifically the effect that obstacles, frames, and the EC hardware itself has on different

flow fields.

The underestimation of the fluxes due to the EC system orientation is an aspect that

was so far overlooked, assuming that the flux variability was due to natural variations
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of the hydrodynamic conditions (hence their effect on the O2 flux). Our results however

indicate that some of the flux variability is instead related to the orientation of the sen-

sor line with respect to the flow direction. This effect is not easily detected in natural

environments, and the underestimation may be masked by a high variability in the flow

field.

If all the orientations of the O2 sensors with respect to the flow are considered for the

flux average (equal deployment time of 60 min for downstream, upstream and normal),

we observed 25-30% lower fluxes compared to DOU and TOU (EC= -9 ± 4; TOU=

-12 ± 4; DOU= -13 ± 3 mmol O2 m2d−1). However, the flux estimates are in good

agreement with TOU and DOU when the EC instrument maintained its downstream

orientation (EC = -14 ± 4 mmol O2 m2d−1), while were significantly smaller if only

normal orientation is considered (EC = -5 ± 1 mmol O2 m2d−1).
It was shown from several studies that the comparison between microelectrode profiling

and incubation measurement techniques often leads to a discrepancy in calculated O2

fluxes (e.g. Grenz et al., 2003, Glud et al 2003). This is because measurements by

benthic chamber incubations represent the total O2 flux including diffusion as well as

advective O2 transport across the sediment-water interface due to bioturbation, while

the microprofiling method measures a local point diffusive flux (Archer Devol 1992;

Wenzhöfer and Glud, 2002; Rabouille et al. 2003). However, for our experiments the

visible fauna was removed and the sediment type does not facilitate advection, thus

comparable fluxes between DOU and TOU are expected, and this is confirmed by the

measurements.

The comparison between fluxes measured directly at the sediment-water interface (as

for TOU and DOU) and measurements taken above the sediment (as for EC-flux) is

reliable assuming measurements taken in the benthic boundary layer are representative

of the fluxes from the underlying surfaces (Swinbank 1951, Aubinet et al. 2000), i.e. the

fluxes are approximately constant with height. Given the dimensions of Yeserke flume,

it is not possible to achieve a fully developed benthic boundary layer, thus the O2 flux

may not be constant over the vertical range. Nevertheless, the agreement between TOU,

DOU and EC-fluxes at downstream orientation (that are moreover the more statistically

robust) suggests that the comparison is trustworthy.

In summary, the flow direction appears as a predominant factor influencing EC-flux

measurements. The time-shift correction does not lead to a uniform flux estimation

between downstream and normal orientation, because the latter cannot compensate for

the mis-sampling of flux carrying eddies. However, if all three orientations are equally

included in the flux average, for our flume data set, the time-shift correction improved

the confidence and precision of the obtained flux estimation up to 30%.

We can assess that for downstream configurations, the time-shift correction can compen-

sate for the traveling time and response time bias, although increasing displacements
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between the sampling volumes increase the mismatch of the spatial overlay of corre-

sponding velocity-concentration pairs (Fig. 2.8), and may constitute a weak point of

this method, especially under non-uniform flow conditions.

Applying a time-shift is thus a convenient procedure, and it was confirmed that it cor-

responds closely to the sum of traveling time and O2 sensor response time for the case

of downstream and upstream orientation of the EC system respect to the flow. The

mismatch between calculated and theoretical time-shifts at normal orientation is most

likely due to the decoupling effect previously described, that in our experiment flow

conditions lead to weak correlations between w’ and C’ (as shown in Fig. 2.6-F).

The time-shift correction should compensate also for another source of bias between w’

and C’, that is the O2 sensor response time. However, if the sensor is not fast enough for

sampling the turbulence scales contributing to the benthic flux, the time-shift correction

would be not sufficient.

2.5.2 Flux underestimation due to Clark type O2 microsensor response

time

By applying a 1-D model to simulate O2 diffusion in a microsensor and imposing a

vertical velocity signal with the same amplitude, we were able to reproduce the fluxes

measured by microsensors with different response times. The simulations showed that

an O2 sensor with a 3 s response time (thus 10 times slower than sensors usually used

for EC measurements) leads to an underestimation of 50% of the fluxes compared to

the simulation with a sensor with 0.35 s response time. EC measurements in the flume

(Exp. 3) indicated the same disagreement between the two response times.

The model allowed us to compare fluxes obtained by a fast sensor (0.1 s) with an artifi-

cial O2 signal (thus no RT and no signal dampening), showing a 15 % underestimation

of the true flux. This indicates that high frequency signal loss, intrinsic to any micro-

electrode measurement (dampening), cannot be corrected by the time-shift procedure.

The dampening effect on vertical solute transport estimations by EC is however more

or less significant depending on the frequency of the turbulent processes involved.

At lower flow magnitudes the signal loss would be less relevant because there will be

less contributions to the flux from high frequencies. Conversely, the portion of missed

turbulent contributions becomes more and more relevant with increasing response time

of the O2 sensor. The part of the spectral range that is mis-sampled could however be

reconstructed with a theoretical approach by estimating the ”true” cospectrum, either

with in situ determination of the maximum frequency of the processes to be measured

or a reasonable parameterization for it.
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2.5.3 Theoretical correction with frequency-dependent dampening func-

tion

Similar to the modeling calculations, the O2 spectra can be ”rebuilt” to account for

signal loss due to the sensor response time (McGinnis et al. 2008). The slower response

time dampens the turbulent fluctuations, with increased dampening occurring at higher

frequencies. The frequency dependent dampening function (Eugster and Senn 1995;

Gregg 1999) is applied to the O2 spectrum SO2
meas (muM2s) and is expressed as:

SCorr
O2

(f) = (1 + f2τ2)SObs
O2

(2.4)

where f is the frequency (Hz) and τ(s) is the response time. The corrected O2 spectrum

SCorr
O2

is then used to calculate the new cospectrum. This spectral enhancement, however,

should only be applied up to the highest frequency of the inertial subrange and not

beyond as it will enhance noise as well.

We applied the correction using equation 2.4 to the data set utilizing the 3-second

response time sensor. The calculated correction factor is shown in Figure 2.10-A as a

function of frequency. As shown, the corrections to the O2 spectrum becomes quite

substantial approaching high frequencies with slower responding sensors. However, the

eddy contributions also decrease with increasing frequency, so while these corrections

seem large, they are less (but still) significant when rebuilding the cospectra with the

corrected O2 spectra. Figure 2.10-B shows the calculated flux underestimation for the

7.4 cm s−1 case (Exp. 3) as a function of sensor response time, which was calculated

by first multiplying the O2 spectra with the correction factor as a function of frequency.

Afterwards, the new cospectrum was calculated. Finally, the integral-average fluxes

where calculated for each theoretic response time by integrating between the limits

defined by the inertial subrange (5 Hz to 0.1 Hz). Note that the results are not sensitive

to the lower frequency integration limit as the correction quickly decreases; however,

it is very sensitive to the high frequency limit defined by the inertial subrange. The

correction obviously has a tendency to amplify high frequency noise, so integrating

beyond this limit may introduce artifacts. Thus, this example is only valid for the 7.4

cm s−1 case as the inertial subrange will shift with different velocities.

For the case of the 3 second response, we estimate a 67% correction would be needed.

This is very close to the value obtained from the O2 sensor model results. Again, this

is dependent on the limits of integration. In low velocity conditions, the high frequency

cut-off is lower and would result in less signal loss.
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2.6 Conclusions and recommendations

Our flume and PIV-LIF experiments revealed that the distance between the eddy corre-

lation (EC) O2 sensor tip and the velocity sampling volume bias EC flux measurements,

and that a closer distance leads to more robust flux estimation. We showed that apply-

ing a time-shift correction compensates for the traveling time and improves the precision

of EC-flux estimation particularly when the O2 sensors are oriented downstream.

When flow is normal (perpendicular) to the O2 sensor-to-measuring volume line, the

distance between the sampling volumes leads to a decoupling effect, i.e. measured time

series are increasingly unlikely to refer to the same turbulent structure, which is trans-

lated into poor correlations and underestimated fluxes. Therefore, if the flow direction is

expected to change during the deployment of an EC system, the O2 sensor tip distance

from the velocity sampling volume should be as small as possible (< 1 cm).

For downstream/upstream orientations the lower the flow and turbulence conditions the

closer the sensors should be aligned, while for normal orientations a high turbulence

regime (e.g. u > 0.01 m s−1) and distances of 2 cm between the sampling volumes can

lead to an 80% flux underestimation.

Accordingly, we recommend when deploying an EC system (given the good practice of

recording the direction of the flow with respect to the orientation of the O2 sensors)

would be to discard the fluxes obtained for orientations other than downstream/up-

stream.

This could potentially lead to a remarkable loss of data. Therefore the most practical

recommendation is that orientations should be accounted for (or tested) when assessing

in situ data, hence, check if there is a relation between flux and direction, and if so,

verify where lower fluxes correlate with the normal orientation.

The use a slow O2 sensor may lead to the same issue of signal loss that is encountered

when sensors are critically distant with respect to vertical flux turbulent structures. We

showed how the response time of the O2 sensor is crucial for the appropriate sampling

of the turbulent processes that govern the sediment-water O2 fluxes. However the error

associated to a certain response time of the O2 sensor depends on the turbulence level

and distance of the sampling volume above the sediment surface. Hence, more than a

recommended response time, it has to be clear that a greater underestimation of the

flux is expected when coupling a sensor with RT > 0.2 s (the usual recommended RT for

an EC measurement) with a high turbulence regime (u∗ > 0.01 m s−1) i.e. with eddy

structures with a length scale < 3 mm, contributing mostly to the flux. Since this is

quite likely to occur when using the EC for biogeochemical studies, we also show how,

with frequency dependent dampening functions, it is possible to rebuild a data set where

the high frequency signal loss leads to an underestimation of the true flux.

This is not suggested here to be a routine procedure because it requires exact knowledge
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of the response time and careful consideration of sensor noise and turbulence time scale,

rather it as a reliable way to correct potentially affected data series.

The EC is an extremely attractive approach for coupling turbulence driven benthic fluxes

to biogeochemical processes and should not be restricted to ”ideal” conditions.

Recent studies showed how for EC-flux measurements, steady state mean flow veloci-

ties and mean solute concentrations should prevail (Holtappels et al., 2013) and specific

technical criteria for high resolution measurements are needed for application on hetero-

geneous substrates (Rheuban and Berg, 2013).

With the intent of improving confidence in EC-flux results, this work ameliorates knowl-

edge for an accurate interpretation of data and deployment design, representing a next

step for taking full advantage of this technique, and allowing an evaluation of the ob-

tained fluxes without the need for supporting flux measurements obtained by other

methods.
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Figure 2.1: The race-track flume facility in NIOZ-Yerseke. The dark brown area rep-
resents the straight working part. Red arrows indicate the location where the O2 micro-
profiles were performed. EC measurements were performed at position 0 (blue arrow).
The two red dots mark the position of the optodes for monitoring the O2 and temper-
ature in the flume. The cross indicates where the incubations were performed. Scheme
adapted from Bouma et al. (2005) (www.ceme.nioo.knaw.nl/en/content/dossier-nioo-

flume).

Figure 2.2: Sketch of the three configurations tested for experiment 1 and 2.
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electrolyte
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distance
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b c

Figure 2.3: A) Schematic drawing of an O2 microsensor and the dimensions and
diffusivities used in the numerical model. B) Response times of a slow (3 s) and a C)
fast (0.35 s) O2 microelectrodes used for experiment 3 in the flume. The response time

is defined as the time required to reach 90% of the steady-state signal (τ 90).
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Figure 2.4: On left and right side results for experiment 1 and 2 respectively. A) Flow
magnitude; B) time-shift calculated for the minimum p-value on 5 minutes interval for
sensor at 10 mm (black), and sensor at 23 mm (grey); C) O2 fluxes for sensor at 10
mm calculated before (red bars) and after (black bars) time-shift correction; p-values
(dots) corresponding to shifted and non shifted fluxes are reported with the same color
code; D) O2 fluxes for sensor at 23 mm calculated before and after time-shift correction
(red and grey bars, respectively) and p-values corresponding to shifted and non shifted
fluxes (same color code). The grey area corresponds to upstream orientation of the O2

sensors and the vertical dotted lines to the change in flow magnitude.
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Figure 2.5: Theoretical time-shift (Tts, i.e. sum of traveling time and sensor response
time) and calculated time-shift (Cts , i.e. shift of w′ C ′ needed for achieving most

significant correlation) for all orientations at comparable velocities.
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Figure 2.6: Upper panels (A-C): cumulative cospectra of 3 bursts, one for each case
(downstream with flow velocity of 7.4 cm s−1, upstream with 8.4 cm s−1, normal with
11 cm s−1) before (solid line) and after (dashed line) time-shift correction, for sensor at
23 mm (grey) and sensor at 10 mm (black). Lower panels (D-F): O2 fluxes calculated
for the same bursts for each time-shift (solid line) and corresponding p-values (dots);
same color code as A-C for sensor at 10 mm and 23 mm from velocity sampling volume.
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Figure 2.7: A) Time-shift for maximal negative cross-correlation between vertical
velocity w′ and concentration fluctuations C ′ observed at sampling volumes displaced
by dx (velocity upstream, concentration downstream). Solid lines denote time-shifts
as a function of dx (Location A - red, B - blue, C - green, D - black, see Table 4 for
detailed information on the hydrodynamic conditions), while dashed lines denote the
temporal displacement by mean flow velocities. B) Cross-correlations between non-
shifted time series of w′ and C ′ (solid lines, identical color code as A) and maximal
negative cross-correlations of time-shifted time series of w′ and C ′ (dashed lines) as a
function of displacement dx. Correlations are normalized by the non-shifted correlation

at dx = 0 mm.
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Figure 2.8: A) Origins of time-shifted concentration values providing maximal nega-
tive cross-correlation between vertical velocity and concentration fluctuations measured
at sampling volumes with dx = 10 mm (red dots) and dx = 23 mm (green dots) dis-
placement at Location B (Table 4). The black cross simulates the position of the tip
of a Clark type electrode, while the black squares simulate the ADV sampling volume
extension. B) Corresponding histogram of the longitudinal distributed positions of con-
centration origins (color code identical to A). Note that dots of dx = 10 mm overlay
dots of dx = 23 mm in A), while bars of dx = 23 mm overlay bars of dx = 10 mm in

B).
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Figure 2.9: Measurements and model prediction of a slow (3 s RT -yellow line) a fast
(0.35 s and 0.1 s RT - light blue and blue line, respectively) and an artificial (black
line) O2 sensor signal. Power spectral density (A-B), variance preserving power spectral
density (C-D), cumulative cross-spectral density (E-F) and cross correlation of w′ C ′

(G-H).
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Figure 2.10: A) The frequency dependent correction factor applied to the O2 spec-
trum. B) estimated underestimation of flux as a function of sensor response time.
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[1] Eddy correlation (EC) measurements in the benthic boundary layer (BBL) allow
estimating benthic O2 uptake from a point distant to the sediment surface. This
noninvasive approach has clear advantages as it does not disturb natural hydrodynamic
conditions, integrates the flux over a large foot-print area and allows many repetitive flux
measurements. A drawback is, however, that the measured flux in the bottom water is not
necessarily equal to the flux across the sediment-water interface. A fundamental
assumption of the EC technique is that mean current velocities and mean O2
concentrations in the bottom water are in steady state, which is seldom the case in highly
dynamic environments like coastal waters. Therefore, it is of great importance to estimate
the error introduced by nonsteady state conditions. We investigated two cases of transient
conditions. First, the case of transient O2 concentrations was examined using the theory of
shear flow dispersion. A theoretical relationship between the change of O2 concentrations
and the induced vertical O2 flux is introduced and applied to field measurements showing
that changes of 5–10 mM O2 h

�1 result in transient EC-fluxes of 6–12 mmol O2 m
�2 d�1,

which is comparable to the O2 uptake of shelf sediments. Second, the case of transient
velocities was examined with a 2D k-e turbulence model demonstrating that the vertical
flux can be biased by 30–100% for several hours during changing current velocities from 2
to 10 cm s�1. Results are compared to field measurements and possible ways to analyze
and correct EC-flux estimates are discussed.

Citation: Holtappels, M., R. N. Glud, D. Donis, B. Liu, A. Hume, F. Wenzhöfer, and M. M. M. Kuypers (2013), Effects
of transient bottom water currents and oxygen concentrations on benthic exchange rates as assessed by eddy correlation
measurements, J. Geophys. Res. Oceans, 118, 1157–1169, doi:10.1002/jgrc.20112.

1. Introduction

[2] In sediments underlying well oxygenated bottom
waters, O2 is the ultimate electron acceptor of almost all
electron equivalents released during the oxidation of
organic matter [Canfield et al., 2005; Thamdrup and
Canfield, 2000]. O2 uptake of the sediment is therefore used
as a robust proxy for benthic carbon mineralization [Glud,

2008]. Common approaches to measure the benthic O2
uptake include O2 microsensor profiles of surface sediments
[Jørgensen and Revsbech, 1985] and incubations of
sediment and overlying water in closed systems such as in
situ chamber incubations [Glud et al., 1995]. The two
approaches are complementary: O2 microsensor profiles
consider the diffusive uptake, while the chamber approach
includes convective contribution from bioirrigation; therefore,
paired deployments allow assessment on the fauna mediated
O2 exchange [Glud, 2008; Wenzhöfer and Glud, 2002]. The
incubation approach is, however, strongly invasive, and
natural hydrodynamic conditions in the enclosed incubation
volume are difficult to mimic, which can have severe affects
not only on the O2 transport in permeable sediments
[Huettel et al., 1996], but also on O2 transport across the
diffusive boundary layer above cohesive sediments [Glud
et al., 2007; Lorke et al., 2003].
[3] In 2003, the eddy correlation (EC) approach was
adapted from atmospheric sciences [Berg et al., 2003] as
an alternative way to estimate benthic fluxes. The method
relies on natural hydrodynamic conditions as it measures
the turbulent transport of O2 a few centimeters above the
sediment water interface, in the so-called benthic boundary
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layer (BBL). EC measurements combine high frequency
measurements of flow velocities and O2 concentrations in
the same sampling volume, from which the instantaneous
O2 flux and a time averaged O2 flux can be calculated. The
EC approach combines several significant advantages: (1)
because of its noninvasive nature, the EC approach allows
continuous measurements to monitor the response of benthic
O2 uptake on changing environmental conditions [Hume
et al., 2011]; (2) it is not confined by boundary interface
conditions and allows to investigate O2 sinks and sources
at boundaries such as hard bottom substrate [Glud et al.,
2010], sea ice [Long et al., 2011] and sandy sediments
[Reimers et al., 2012]; (3) it integrates the flux across a large
surface area [Berg et al., 2007] and thus integrates small to
mesoscale heterogeneity of many benthic environments.
These essential advantages initiated many studies on the
boundary layer flux of other scalars such as dissolved nitrogen
and phosphate [Holtappels et al., 2011], nitrate [Johnson
et al., 2011], salinity [Crusius et al., 2008] and density
[Holtappels and Lorke, 2011]. However, the downside
of the EC approach is the complex data processing and
interpretation, which requires knowledge in time series
analysis and hydrodynamics. O2 fluxes from EC measurements
often show extensive short-term variability [Lorrai et al., 2010]
that is poorly explained by benthic community response. So
far, robust criteria to validate these fluxes are missing. It is
therefore necessary to identify and quantify errors caused
by sensor limitations such as slow response times and low
signal to noise ratios as well as errors introduced by the
hydrodynamic settings. Here, we focus on hydrodynamic
conditions, which induce fluxes in the BBL that add to the
true benthic flux estimate. It is useful to distinguish between
the O2 flux across the sediment-water interface and the flux
at the sensor position, usually situated at 15–25 cm above
the sediment. These fluxes should be identical if we can
assume [Baldocchi, 2003; Loescher et al., 2006; Lorrai
et al., 2010]: (1) negligible reaction rates in the water layer
between sediment and measuring position; (2) a constant
surface roughness of the measuring site, and unobstructed
flow field ensuring uniform turbulent diffusivity upstream;
(3) steady state (i.e., time invariant) mean current velocities,
and; (4) steady state mean O2 concentrations. If these
assumptions are not met, the flux at the sensor position can
significantly deviate from the flux across the sediment-water
interface. The first assumption usually holds as the integrated
O2 consumption rates in the water layer below the sensor

position are 1–2 orders of magnitude lower than benthic
O2 fluxes. The second assumption can be reviewed by
additional observations from sediment sampling or video
surveys, whereas the steady state assumptions for mean
current velocities and mean O2 concentrations can be
evaluated from the EC measurement itself. In this study, the
validation of the assumption of steady state concentrations
and steady state velocities for typical coastal settings is
examined and discussed on the basis of two case studies.
Case study 1: Based on the theory of shear flow dispersion
[Fischer, 1979; Taylor, 1953], we introduce a theoretical
relationship between the temporal change of concentrations
and the induced vertical flux. We present EC measurements
from the Black Sea that are clearly affected by transient
(i.e., nonsteady state) O2 concentrations and validate the
applicability of the analytical model. Case study 2: A 2D
k-e turbulence model is used to quantify the effect of transient
velocities on the EC-flux. EC-measurements from a tidally
influenced fjord (Loch Etive, Scotland) that show strong
correlation between velocity and EC-flux are analyzed and
compared with the numerical model.

2. Theory and Methods

2.1. Case Study 1—Transient O2 Concentrations

[4] Water masses that move along the sediment can have
different origins and can therefore carry different O2
concentrations. Especially in stratified coastal seas and lakes,
sediments intersect with the oxycline of the water column and
are therefore exposed to waters with significant O2 gradients.
These water masses move along the sediment with mean
current velocities that are decreasing towards the sediment
(Figure 1a). The differential advection of water masses with
a concentration gradient in the stream-wise direction will
cause a vertical concentration gradient and thus a vertical flux
(Figure 1b).
2.1.1. The Analytical Model
[5] The balance between differential advective transport
in the streamwise direction and diffusive transport in the
vertical direction is expressed according to Fischer [1979]:

@

@z
Dt zð Þ @C

0

@z
¼ U

0 @ �C

@x
(1)

where Dt denotes the turbulent diffusion coefficient. Here, the
concentrations (C) and current velocities (U) are decomposed

Figure 1. Schematic drawing of the flux caused by nonsteady state concentrations. Differential
advection of horizontal concentration gradients (a) cause vertical gradients and (b) a vertical flux, which
adds to the flux across the sediment water interface.
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into depth averaged values and their deviations C x; zð Þ ¼
�C xð Þ þ C

0
x; zð Þ andU zð Þ ¼ �U þ U

0
zð Þwhere x and z denote

the streamwise and the vertical directions, respectively, and
U is assumed to be uniform in the streamwise direction.
[6] The interaction between differential advection and
vertical diffusion is known as shear flow dispersion. This
phenomenon was first described by Taylor [1953], who
initiated many studies on the spreading of contaminants in
conduits and rivers. For a thorough description of shear flow
dispersion, we refer to Fischer [1979]. In this study, we
focus on the induced vertical flux in the BBL, which adds
to any flux across the sediment water interface. For simplicity,
we assume in the following zero flux at the bottom (z=0). Then
integration of equation (1) gives the vertical diffusive flux

J zð Þ ¼ Dt zð Þ @C
0

@z
¼ @ �C

@x

Zz

0

U
0
zð Þdz (2)

[7] Given Taylor’s frozen turbulence assumption [Taylor,
1938], the concentration gradient in the streamwise direction,
@ �C=@x, can be expressed by the change of concentration over
time divided by the mean current velocity, @C=@tð Þ= �U, so that
equation (2) is rearranged to

J zð Þ ¼ @C

@t

1
�U

Zz

0

U
0
zð Þdz (3)

[8] In a fully developed turbulent flow, the logarithmic
law of the wall (log-law) [von Karman, 1930] gives esti-
mates of the current velocity profile

U zð Þ ¼ u�
k
ln

z

z0

� �
(4)

where u* and zo denote the shear velocity and the hydraulic
roughness, respectively. Applying the log-law for the velocities
in equation (3), we derive (see Appendix A for details)

J zð Þ ¼ @C

@t
z

ln z=zup
� �

ln zup=z0
� �� 1 (5)

with zup as the upper boundary of the BBL. The logarithmic
expressions on the right side of equation (5) give negative
values. Thus, concentrations that increase over time cause
negative (downward) fluxes (Figure 1), and decreasing
concentrations cause positive (upward) fluxes. It is evident
from equation (5) that the vertical flux caused by transient
concentrations is independent from the current velocity.
Below, equation (5) is used to estimate the induced vertical
flux derived from in situ data. From the time series of the in
situ EC measurement, the change of concentration over
time, @ C/@ t, was calculated, and the position z of the EC
measuring volume was well constrained. The length scales zup
and zo can be extracted by fitting equation (4) to measured
velocity profiles (see below). If the velocity profile is not
known, zo can be calculated directly from equation (4), since
U and u* can be estimated from ADV data [Inoue et al.,
2011]. This procedure can be applied to most EC datasets.

2.2. Case Study 2—Transient Current Velocities

[9] In a turbulent steady state boundary layer flow, the
profile of mean O2 concentration depends on the turbulent

diffusivity in the BBL and on the upper and lower boundary
conditions, i.e., the flux across the sediment water interface
and the O2 concentration at the upper boundary of the
BBL (Figure 2). The turbulent diffusivity depends on several
factors such as bottom roughness, density stratification and
flow velocity [Holtappels and Lorke, 2011]. For the sake
of simplicity, and because flow velocity is the most dynamic
factor, we only focus on the effect of transient current
velocities on turbulent diffusivity and subsequently on the
O2 flux. Assuming constant boundary conditions, a change in
current velocity over time will cause a change of the turbulent
diffusivity and thus an adjustment of the O2 concentration
profile (Figure 2). Any adjustment of the O2 concentration
profile is ultimately linked to an O2 flux in the bottom water
that adds to the O2 flux from benthic O2 uptake. Increasing
current velocities will cause the erosion of O2 concentration
gradients and increase the O2 flux in the downward direction,
whereas decreasing current velocities cause the buildup of
concentration gradients and decrease the O2 flux in the
downward direction. It should be noted that the flux across
the sediment-water interface is irrelevant for the induced
flux in Case 1, but determines the induced flux in Case 2.
If the O2 flux across the sediment-water interface is positive
(benthic primary production), the induced O2 flux will
change direction as well.
2.2.1. The Numerical Model
[10] Using the finite element program COMSOL
MultiphysicsW 4.3 (www.comsol.com), the turbulent
boundary layer flow and the O2 transport was modeled in
a 2D channel of 6 m length and 1.5 m height. Within
COMSOL, the low-Reynolds-number k-e turbulence model
was applied (see Appendix B for details), which uses
dampening functions to solve for the region close to the
wall, where viscous forces dominate. This allows the use
of no slip boundary condition instead of wall functions
[Abe et al., 1994]. The k-e turbulence model was coupled
with a convection-diffusion model (see Appendix B for
details) using the following domain and boundary settings.
In the k-e model, no slip boundary conditions were used

Figure 2. Schematic drawing of the flux caused by
nonsteady state current velocities. Here, accelerating flow
causes a vertical flux into the layer below the sensor
(indicated by the horizontal line), which adds to the flux
across the sediment water interface.
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for the lower boundary, the upper boundary was set to
symmetry condition, the left and right boundary were set
to periodic boundary conditions, thus the variables solved
for have the same value at the inflow and outflow boundary.
In this way, an infinite long boundary flow could be simulated.
Fluid motion was forced by a pressure gradient between the
left and right boundaries. The pressure gradient was manually
adjusted to give the intended velocity change. The pressure
gradient was changing with time, thus forcing a transient
current velocity. In the convection diffusion model, the
upper boundary was set to a fixed O2 concentration of 300 mM,
whereas the lower boundary was set to a constant O2 flux
of �10 mmol m�2 d�1 to evaluate effects on a constant
realistic background level. The left and right boundaries
were set to periodic boundary conditions thus concentrations
at the inflow boundary were taken from the outflow boundary.
The output of the k-e model, i.e., the velocity field and the
turbulent viscosity, were used as input for the convective
and diffusive transport. The coupled model was solved for
a period of 14 h using a time dependent solver. Furthermore,
the COMSOL model was used to estimate the deviation of
the EC flux from the benthic O2 uptake based on an EC
deployment at Loch Etive, Scotland. For this, the pressure
gradient in the model was adjusted to meet the measured
current velocities, the EC flux measured in situ over 56 h
was averaged and used as a lower boundary condition, and
an average O2 concentration of 170 mM was used as upper
boundary condition.

2.3. Field Measurements

[11] Eddy correlation measurements were conducted at
two different locations. Site 1 (for Case study 1) was located
on the Crimean shelf, Black Sea, where O2 dynamics
were studied as part of the EU project HYPOX. During
a cruise with the RV MS Merian in April/May 2010 a
moored EC system was deployed for 14 h at 135 m depth
(44�38.840N, 33�0.180E). At this depth, the oxycline intersects
with the sediment, causing variable O2 concentrations
between 10 and 150 mM, as measured from a nearby mooring.
The EC measurement at this site is therefore ideal for
evaluating effects of transient O2 concentrations on EC flux
estimates. Video surveys and sediment coring were used
to characterize the sediment as homogenous fine grained
mud with no signs of benthic macrofauna, presumably as a
consequence of low and variable O2 concentrations.
[12] Site 2 (for Case study 2) was located in Loch Etive,
on the west coast of Scotland (56o27.330N; 5o15.250W).
Loch Etive is a 30 km long glacial fjord with a narrow
opening to the sea and two main sills dividing the fjord
into two basins. This work was undertaken in the lower
marine-dominated basin at ~55 m water depth. The O2
concentration was relatively constant varying between
169–176 mM during the 56 h long deployment. However,
the flow velocity measured at 12 cm off the seabed
ranged between 0.3 and 12.6 cm s�1 as a consequence
of tidal forcing. The sediment was cohesive mud
and hosted a dense community of the brittle star
Amphiura filliformis.
[13] At both sites, the velocity in the x, y, and z directions
was sampled using a downward facing acoustic Doppler
velocimeter (ADV) (Vector, Nortek, Norway), placed on a
tripod frame. The ADV measuring volume (1.5� 1.5 cm)

was situated 20 and 12 cm above the seabed at Sites 1 and
2, respectively. O2 concentrations were sampled at the edge
of the ADV measuring volume using a pressure compensated
Clark-type O2 microelectrode [Gundersen et al., 1998;
Revsbech, 1989] and a custom-built picoamperemeter,
which was interfaced with the ADV electronics. Velocity
and O2 concentration were sampled with a frequency of
16 Hz (32 Hz at Site 2) in bursts of 15 min (14 min at Site
2) followed by a sleeping period of 15 min (1 min at Site 2).
The O2 microsensor was calibrated against zero and bottom
water concentration using anoxic dithionite solution and
the O2 reading of an O2 Optode (AADI, Norway) attached
to a tripod deployed in parallel.
[14] At Site 1, approximately 300 m away from the EC
system, a moored benthic-boundary-layer profiling system
(BBL-Profiler) [Holtappels et al., 2011] was deployed.
The BBL profiler consisted of a tripod frame that has a slide
attached to one of the three legs. The slide was equipped
with an O2 optode (Model 4330, Aanderaa), a sensor
measuring conductivity, temperature, and depth (CTD)
(SeaCat, SBE, US) and an ADV (Vectrino Nortek, Norway).
The slider moved vertically across the first 2 m above the
sediment surface, stopping at programmed positions to
measure for a time interval of 2 min. Prior to the deployment,
the O2 optodes were calibrated using dithionite solution and
100% saturated fresh water. The O2 readings were corrected
for salinity using equations from Garcia and Gordon [1992].
[15] For both sites, ADV and O2 data from the EC system
were processed using the following procedure: (1) velocities
with a beam correlation of less than 50% were discarded
and replaced by an average of the two neighboring values;
(2) the data set was despiked using the method described
by Goring and Nikora [2002]; (3) the tilt of the ADV was
corrected using the planar fit method by Wilczak et al.
[2001]; (4) the power spectral density and the cumulative
cospectrum of the vertical velocity and the O2 concentration
was calculated [Lorrai et al., 2010]; (5) based on the cumulative
cospectrum, which showed insignificant flux contributions
below a frequency of 0.01 Hz, a running average with a
window of 100 s was subtracted from the time series to
calculate the fluctuating velocity w0 and concentration C0;
(6) the time series of w0 and C0 were cross-correlated for
each burst allowing stepwise time shifts to a maximum
0.75 s of both, w0 and C0 [Lorrai et al., 2010; McGinnis
et al., 2008], and the cross correlation with the highest
correlation coefficient was used to calculate the flux; and
(7) the cross correlations were subsequently evaluated by
calculating the probability of receiving the same correlation
(i.e., the same flux) from random data sets (corrcoef function
in Matlab). The threshold for a significant flux was set to 5%.

3. Results

3.1. Case Study 1—Transient O2 Concentrations

3.1.1. The Analytical Model
[16] For a known temporal change of O2 concentration,
the vertical flux can be calculated from equation (5). However,
for a general analysis, it is more convenient to re-arrange
equation (5) and introduce a proportionality factor R that
depends only on the sensor position z and the dimensions
of the logarithmic boundary-layer, i.e., z0 and zup. The
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proportionality factor R is the ratio of the induced vertical
flux (J) per temporal change of concentration (@ C/@ t):

R ¼ J zð Þ
@C=@tð Þ ¼ z

ln z=zup
� �

ln zup=z0
� �� 1 (6)

[17] Using upper and lower estimates of zo (10
�3 and 10�5 m)

and zup (1 and 5 m), the range of the proportionality factor
that can be expected at 15 cm above the sediment (the
recommended position of the EC measuring volume) is
calculated varying between�0.025 and�0.07 m (Figure 3).
An increase of 10 mM O2 h

�1 would therefore result in a
flux between �6.0 and �16.8 mmol O2 m�2 d�1, which is
comparable to the O2 uptake of typical shelf sediments.
The negative sign indicates that the flux is directed towards
the sediment. In contrast, decreasing O2 concentrations
would result in positive fluxes.
[18] From the field measurement, we estimated a bottom
roughness (zo) of 1� 10�4 m by fitting the log-law
(equation (4)) to the velocity profile of the BBL-profiler
(Figure 4, left part). The upper boundary of the BBL (zup)
was assumed to be 2 m. The resulting proportionality factor
R (Figure 4) decreases from zero at the lower and upper
boundaries to �0.08 m at 70 cm above the sea floor. At 20
cm above the seafloor—the positions of the EC measuring
volume at Site 1 (Black Sea)—the proportionality factor is
still �0.05 m, and an increase of 10 mM O2 h

�1 results in
a flux of �12.0 mmol O2 m�2 d�1.
3.1.2. Field Measurements
[19] During the 14 h of deployment, the average current
velocities at Site 1 were varying between 5 and 9 cm s�1

(Figure 5a). A down-slope directed current carried O2
concentrations, which increased on average by 1.2 mM h�1

(Figure 5B). However, the rate of change was not constant
during the deployment. The change of O2 over time was
calculated for each burst by linear regression (Figure 5C),
showing a strong increase of more than 4 mM h�1 in the first
2 h and between hour 8 and 11, whereas O2 concentrations

remain almost constant between hours 5 and 8. The O2 flux
from the EC measurement was calculated for each burst
(Figure 5c). From a total of 27 bursts, two bursts were
discarded due to insignificant correlation. The averaged O2
flux of the remaining bursts was �6.0mmol m�2 d�1,
which was greater than O2 fluxes derived from microsensor

Figure 3. The proportionality factor (R) as a function of
sensor position (z) and the following benthic boundary layer
(BBL) dimensions: BBL height (zup) of 1 m (solid lines)
and 5 m (dashed lines) and roughness (z0) of 10

�5 m (light
grey lines) and 10�3 m (dark grey lines). For Black
Sea measurements, z0 = 10

�4 and zup = 2 m were assumed
(black solid line).

Figure 4. Black Sea deployment: left side: measured
current velocity and fit with log-law. Right side: profile of
R over the entire BBL of 2 m.

Figure 5. Results from the eddy correlation (EC)-
measurement at the Crimean shelf, Black Sea show: (A)
burst averages of current velocity and directions, (b) O2
concentrations averaged over 100 s and the cumulative
EC-flux, (c) the change of O2 concentrations over time
and the EC-flux, both averaged over the entire burst. The
light grey bars in Figure 5C mark the O2 flux induced by
transient O2 concentrations. Two bursts were discarded
due to insignificant correlation (marked by X).
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profiles (�4.5 +/� 2.6mmol m�2 d�1, n = 7) of a benthic
lander at same station. Over the entire deployment, O2
fluxes varied from �2.5 mmol m�2 d�1 to more than �11
mmol m�2 d�1. Bursts with increased fluxes were found
predominantly at times with strong O2 increase, whereas
decreased fluxes were found at times of constant or
decreasing O2. This is also observed when comparing the
cumulative flux and the O2 concentrations of individual
bursts (Figure 5b), which show similar trends especially
during the first 2 h and between hour 9 and 11. A significant
linear relation (p< 0.0005) was found between the O2 flux
and the O2 rate of change (Figure 6), which explains 42%
of the O2 flux variance. The slope of the linear regression,
which gives the proportionality factor, was �0.05 m
and matches the expected theoretical value (see above
Figure 3, black line). The intercept of the linear regression
(�4.2 mmol O2 m�2 d�1, Figure 6) gives the flux at steady
state O2 concentration, matching the O2 flux derived from
O2-microsensor profiles. The flux due to changing O2
concentrations was calculated from equation (5) and varied
from +0.6 to �5.4 mmol O2 m�2 d�1 (Figure 5c).
3.2. Case Study 2—Transient Current Velocities

3.2.1. The Numerical Model
[20] Two scenarios were simulated: accelerating and
decelerating current velocities (Figure 7). The initial pressure
gradient between the left and right boundaries of the
model domain was adjusted to result velocities of 2 cm
s�1 (and 10 cm s1) at 15 cm above the lower boundary
(Figures 7A and 7B). After simulating 3 h of steady state
flow, the pressure gradient was readjusted to generate a 5
h increase (and decrease) of the velocity to 10 cm s-1 (and
2 cm s�1). Thereafter, the velocity remained constant, and
the flow returned to steady state. With changing velocities,
the turbulent diffusivity (i.e., the turbulent viscosity) at the same
depth varies between 0.4� 10�4 and 2.2� 10�4 m2 s�1. The
transient conditions result in a phase shift between velocity
and turbulent diffusivity. The initial increase of the turbulent
diffusivity at hour 3 is delayed by 20 min compared to the
initial velocity increase. Similarly, the turbulent diffusivity
during deceleration is delayed by ~25 min. To follow the
change during transient conditions, several vertical profiles

of current velocity, turbulent diffusivity, O2 concentration
and O2 flux were extracted from the model (Figures 7c–7j).
[21] During accelerating flow, vertical gradients of velocity
and turbulent diffusivity increase, whereas the vertical
gradient of O2 decreases (Figures 7c, 7e and 7g). The shear
stress at the lower boundary is the source for the turbulent
kinetic energy. Therefore, the initial increase of turbulent
diffusion starts at the lower boundary and is moving
upwards causing transient maxima in the center of the
domain (Figure 7e), which disappear as the flow field
reaches steady state. This evolution of the turbulent
diffusivity causes an initial decrease of concentrations at
depths close to the lower boundary, before concentrations
gradually increase at all depths. Similarly, the downward
flux of O2 starts increasing at the lower boundary (Figure 7i)
showing transient maxima that move upward and increase
before they finally decrease and disappear as the flux returns
to steady state at �10 mmol m�2 d�1. The temporal
evolution of the O2 flux at 15 cm above the lower boundary
(Figure 7a) shows a high initial flux of �17.5 mmol m�2 d�1
which is gradually decreasing to steady state conditions
over the following 3.5 h. Further away from the boundary,
the maximum flux increases up to �19.5 mmol m�2 d�1
(at 0.5 m) and remains high for several hours. Temporal
integration of the deviating O2-flux over the interval of
transient conditions gives the total amount of excess O2
per area that is transported between the layer above and
below the depth of interest. At 0.15, 0.25 and 0.5 m, the
integrated O2 flux due to transient conditions is �0.36,
�0.47 and �0.69 mmol m�2, respectively.
[22] During decelerating flow, vertical gradients of
velocity and turbulent diffusivity decrease, whereas the
vertical gradient of O2 increases (Figures 7d, 7f and 7h).
Different from accelerating flow, velocity, diffusivity and
O2 concentrations are monotonic functions of time and
space as they continuously decrease with time and towards
the lower boundary. Compared to accelerating flow, the
resulting deviation of the O2 flux is less pronounced
(Figure 7j) but lasts twice as long. The temporal evolution
of the O2 flux at 15 cm above the lower boundary
(Figure 7b) shows a moderate decrease over 4 h to
�7.1 mmol m�2 d�1 followed by a 4 h increase to
steady state conditions. Further away from the boundary,
the O2-flux minimum is lowered to �6.7 mmol m�2 d�1
(at 0.5 m) and the return to steady state conditions is delayed
by another 3 h. Temporal integration of the deviating O2
flux over the interval of transient conditions is the same as
for accelerating flow, but with opposite signs.
3.2.2. Field Measurements
[23] Field measurements at Loch Etive were used to study
the effect of transient current velocities on the EC flux.
During the total of 56 h of deployment, 4 periods of low
and high tide were observed that correlated with a change in
current direction and current velocities (Figures 8a and 8b).
Each period lasted 12.5 h in which 2.5 h of high velocities
(8.5–13 cm s�1) and high EC fluxes (�20 to �60 mmol
m�2 d�1) (Figure 8d) were followed by 10 h of low velocities
(1–3 cm s�1) and low EC fluxes (0 to �20 mmol m�2 d�1).
The mean EC-flux over 4 tidal cycles (50 h) was�10.2 mmol
m�2 d�1. A standard deviation of +/�11.1 mmol m�2 d�1
illustrates the natural high variability of the EC-flux. Parallel
to the EC measurements, O2 microprofiles were measured

Figure 6. O2 flux plotted against the change of O2 concentra-
tion over time. The slope of the linear regression of -0.05 m
gives an estimate of the proportionality factor R. Dashed lines
mark the 95% confidence interval.
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using a transecting microprofiling instrument [Glud et al., 2009]
and resolved a mean O2 penetration depth of 3.7+/� 1.1 mm
(n=16), a DBL thickness of 0.6 mm [Inoue et al., 2011] and
a calculated average diffusive O2 uptake of 7.9 +/� 1.2 mmol
m�2 d�1. Additionally, we deployed a benthic chamber lander
right before and after the eddy measurement, and the chamber
derived total O2 uptake rates amounted to 10.4 and 16.8mmol
m�2 d�1, respectively.
[24] During the EC deployment, O2 concentration was
relatively stable varying between 168 and 176 mM
(Figure 8c). The change of O2 over time (@ C/@ t) was
calculated for each burst as described for the Black Sea data.
However, the correlation between EC-flux and @ C/@ t
was weak, explaining less than 6% of the EC-flux
variability. As such the flux due to transient O2 concentrations
was negligible, and on average, it amounted to �0.04 +/� 5
mmol m�2 d�1 (Figure 8c). The observed patterns of
simultaneous increase and decrease of velocity and EC-flux,
can be ascribed to several factors including changes in DBL

resistance towards O2 uptake, flow-induced shift in infauna
behavior and flow dependent flushing of infauna burrows.
However, it can also partly reflect an O2-flux that deviates
from the benthic O2 uptake due to transient current velocities.
To test this, we applied the numerical model and adjusted
the input values for the pressure gradient to shorten the
accelerating and decelerating intervals to 1 h (red line,
Figure 8b). Upper and lower steady state current velocities
were adjusted to 10 and 2 cm s�1, respectively, which
matches the measured current velocities over the first three
tidal cycles. The measured average O2-flux of the EC
measurement (�10 mmol m�2 d�1) and the average O2
concentration (170 mM) were used as upper and lower
boundary conditions. During acceleration, the modeled
downward flux at the sensor position (12 cm above the lower
boundary) increased by 100% up to �20 mmol m�2 d�1 and
was elevated for 2.2 h. During deceleration, the flux decreased
by 54% down to �4.6 mmol m�2 d�1 and was below the
average flux for a total of 7 h. Temporal integration of the

Figure 7. Results from the k-e turbulent transport model show velocity, turbulent diffusivity and O2-flux
at 15 cm above the lower boundary during (a) accelerating and (b) decelerating flow conditions. The
O2-flux at 0 cm (dotted line), at 25 cm (dashed line) and at 50 cm (dashed-dotted line) above the lower
boundary is also shown. Specific times are marked by colored bars in Figures 7a and 7b for which the
vertical profiles of velocity (Figures 7c and 7d), turbulent diffusivity (Figures 7e and 7f), O2 concentration
(Figures 7g and 7h) and O2-flux (Figures 7I and 7J) are shown.
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deviating O2 flux over the interval of transient conditions is
the same for accelerating and decelerating flow, but with
opposite signs. The modeled flux averaged over a full
tidal cycle is therefore equal to the flux across the lower
boundary (�10 mmol m�2 d�1).

4. Discussion

[25] Both the analytical and the numerical model
show that transient flow and O2 concentrations can cause
EC-fluxes that significantly deviate from the true flux across
the sediment-water interface. For the case of transient O2
concentrations it was possible to apply an analytical model
because the flow field was constant and could be described
by the log-law. However, the transient flow field in Case 2
results in phase shifts between velocity and turbulent
diffusivity (Figures 7a and 7b), and transient maxima in
turbulent diffusivity and O2-flux profiles (Figures 7E and 7I),
which are not reflected by analytical solutions derived from
the log-law. Therefore, a k-e turbulence model was necessary
to capture the dynamics of turbulent transport across
the BBL and the induced deviating EC flux. It should be
mentioned that the flux across the sediment-water interface
itself may show a temporal variability caused by, e.g.,
changing O2 concentrations at the sediment surface,
changing activity of the infauna or changing flushing rates
in permeable sediments. However, in both models the
variability of the flux across the sediment-water interface
was neglected to allow an isolated examination of the
potential errors due to transient conditions.

4.1. Case Study 1—Transient O2 Concentrations

[26] The underlying assumption for the analytical model
is a balance between differential advective transport and
vertical diffusive transport (see equation (1)). This assumption
may not be correct in case of abrupt changes of O2
concentrations, which are occasionally recorded during
EC measurements. To study how the balance is established
after a sudden 5% increase of the O2 concentration, we
applied the COMSOL model and modified the following:
(1) the domain was enlarged to 200 m length, 2 m height
and 320,000 mesh elements; (2) in the k-e module, a
pressure difference between the left and right boundary
was adjusted to a steady state velocity profile that matches
the profile shown in Figure 4; (3) in the convection-diffusion
model, the upper boundary was set to symmetry and the flux
across the lower boundary was set to zero, and; (4) the inflow
concentration at the left boundary was set to 105 mM, whereas
the initial concentration in the domain was set to 100 mM. In
this way, the evolution of a front with an abrupt 5% increase
of O2 concentration was modeled for 35 min using a time
dependent solver. Figure 9 shows the temporal change
of concentrations, the resulting downward flux and the
proportionality factor, at 15 cm above the sediment and at
different positions (20, 40, 80, 120, 160 and 200 m) downstream
of the inflow boundary. The front slowly erodes as it
propagates downstream (Figure 9A) and thus the maximum
temporal change of O2 concentration in the front decreases
(Figure 9b) along with the induced vertical flux. The
proportionality factor is approaching the theoretical value
of �0.05 m as the front moves downstream (Figure 9C).

Figure 8. Results from the EC-measurement at Loch Etive show: (a) the pressure and current directions,
(b) the current velocity, (c) the O2 concentration and the estimated O2-flux due to transient O2 concentrations,
(d) the EC-flux for each burst and the average EC-flux (black line). The total number of bursts was 231 of which
five bursts were discarded due to insignificant correlation. Similar changes in current velocity were used in the
k-e transport model to estimate the O2-flux at z=12 cm (red lines).
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During the passage of the front at 200 m (i.e., 30 min after
the initial change) the average value of the proportionality
factor is �0.046 m (+/�0.004 m) suggesting that differential
advective transport and vertical diffusive transport are nearly
in balance. The numerical model shows that the analytical
solution (equation (3)) is applicable already 30 min after
the abrupt change of O2 concentrations, which is, after all,
an extreme nonsteady state situation causing extreme high
vertical fluxes of up to �200 mmol m�2 d�1.
[27] For the analytical model, we used the log-law to
estimate the velocity profile and derive an exact solution
that depends only on the boundary scales z, zup and zo.
Strictly speaking, the log-law applies only for a specific
layer within the entire boundary layer, but in many cases,
it is also a reasonable model for the entire velocity profile
(Figure 4). If the log-law is not applicable, which is the case
in strongly stratified bottom waters [Holtappels and Lorke,
2011], equation (3) should be applied using measured
current velocity profiles.
[28] Because the EC approach is based on the statistical
analysis of two time series (i.e., the cross correlation of
w0 and C0), statistical measures should be used to evaluate
the calculated fluxes. We introduced a probability test of
the cross correlation of w0 and C0 to estimate the probability
of deriving the same correlation from completely random
data sets with similar mean values and standard deviations.
Using a threshold of 5%, the fluxes of two bursts at Site 1
were flagged as not significant (Figure 5c). From a total of
27 bursts, these two bursts gave the lowest flux ( ~2 mmol
m�2 d�1, p< 0.14) most likely defining the detection limit
of the deployed EC system at the given conditions.
However, rejecting flux estimates that are below the
detection limit would bias the average flux towards higher
values. On the other hand, non significant correlations are
not necessarily caused by low or zero fluxes, but could

result also from sensor failure or flow disturbances. Here,
the calculated EC fluxes are compared with other factors
such as the O2 change over time (Figure 6). For this kind
of analysis, non significant fluxes have to be discarded. In
general, longer burst intervals would improve the probability
of a significant correlation. For future deployments, we
therefore recommend continuous measurements if sufficient
power supply and data memory is at hand.
[29] After rejecting two bursts due to non significant
correlation, the fluxes of the remaining bursts were analyzed
in light of the transient O2 concentrations. The ratio of EC
fluxes to changing O2 concentrations (i.e., the proportionality
factor R) was predicted by the analytical model, and could
explain 42% of the flux variance. The flux caused by
increasing O2 concentrations was significant. On average,
30% of the measured EC-flux could be attributed to transient
O2 conditions and for individual bursts proportions of up
to 70% were found (Figure 5c). If mean O2 concentrations
would have decreased over time, the induced O2 flux would
have been positive and the superposition with the benthic
O2 uptake would have caused extremely low or even
positive EC-fluxes, most likely below the detection limit.
Applying equation (5) to correct the EC flux resulted in an
average EC flux of �4.2 mmol O2 m�2 d�1, which matched
the flux calculated from O2 microsensor profiles. Given
that the impermeable sediment contained no fauna, this
alignment put confidence in the analytic approach.
[30] It is recommended to equip the EC systems with
additional sensors that continuously record O2, temperature
and salinity to provide a robust and independent measurement
of mean O2 concentrations and to detect water masses of
different origin. This is particularly important in shallow
coastal waters where a high short-term variability of O2
concentrations is to be expected. Additionally, ADCP
measurements would help to determine the velocity profile

Figure 9. Results from a k-e turbulent transport model simulating an abrupt increase of O2 concentrations
from 100 to 105 mM. The temporal change of (a) O2 concentrations and (b) O2 fluxes at 15 cm above the sed-
iment is shown for different downstream-positions (color-coding). The (c) proportionality factor approaches
the theoretical value of �0.05 m (red line) suggesting a balance between differential advective and vertical
diffusive transport.
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applied in equation (3) and help improve any corrections of
EC-derived O2 fluxes.

4.2. Case Study 2—Transient Current Velocities

[31] In general, the O2-flux caused by transient current
velocities depends on (1) the flux across the sediment water
interface, (2) the acceleration/deceleration of current
velocity and (3) the current velocity itself, as described in the
following. The O2-flux caused by transient current velocities
is proportional to the O2-flux across the sediment-water
interface (see Figure 2). Doubling the O2-flux across the
lower boundary results in a doubling of the EC-flux
deviation. Thus, the EC-flux deviation can be expressed in
percent of the flux across the sediment-water interface. In
the model study, accelerating and decelerating flow
resulted in EC-flux estimates that deviated by +75% and
�30% from the true flux across the sediment-water interface
(Figures 7a and 7b). Adjusting the model to the conditions
found at Loch Etive resulted in EC-deviations of up to
+100%. Increasing acceleration/deceleration also increases
the deviation of the flux. If the change in current velocity
by 8 cm s�1 takes place twice as fast (i.e., from 2 to10 cm
s�1 within 2.5 h instead of 5 h), the deviation of the EC-flux
is doubled. The deviation will even increase further if
the same acceleration/deceleration takes place at lower
current velocities (e.g., between 0.5 and 8.5 cm s�1).
On the other hand, the deviation strongly decreases for
acceleration/deceleration at high velocities.
[32] The results of the numerical model reflected the
overall dynamic of the measured EC-fluxes at Loch Etive
(Figure 8d). During peak periods, the transient flow
conditions could explain considerable parts of the observed
flux variation, but not all. It is not surprising that the benthic
O2 uptake is flow dependent; it has previously been
documented that enhanced flow velocities stimulate passive
flushing of infauna burrows [Munksby et al., 2002] and
change infauna behavior and irrigation [Vopel et al.,
2003]. Further, flow driven variations in DBL thickness
can affect the O2 uptake in coastal waters [Glud et al.,
2007]. The increase of the O2-flux upon complete elimination
of the DBL can be calculated according to Boudreau and
Guinasso [1982]. Applying the conditions found at Loch
Etive and assuming depth independent volumetric O2
consumption rates in the sediment, the theoretical
elimination of the DBL would increase the O2-flux only
by a factor of 1.3, which does not explain the observed
variability. In conclusion, the EC-resolved flow dependence
of the O2 uptake is confounded by transient flow phenomena
as described above, and the remaining response must be
ascribed to a combination of several factors as described
above. However, the general alignment between average
values for the EC derived flux, chamber incubations and
microprofiles put confidence in the approach as long as data
are carefully evaluated and assessed.
[33] The current study documents that quantitative flow
responses as derived from EC-measurements should be
evaluated with care. Transient flow velocities could explain
a significant fraction of the variable EC-flux during tidal
cycles. However, the modeled response reflected an
asymmetric maxima and minima that cannot be resolved
by the field data. We cannot exclude that other effects also
could have contributed to the flux variability. For instance,

periods of enhanced fluxes did also correlate with current
direction (Figures 8a and 8d), and local disturbances of the
flow field from obstacles located upstream during the time
of high current velocities could have increased the turbulent
mixing and there are indeed some hints suggesting this to be
the case. At increased current velocities (direction 100�), time
series of turbulent diffusivities calculated directly from the ve-
locity fluctuations according to Holtappels and Lorke [2011]
are above turbulent diffusivities calculated from the log-law,
the latter assuming a steady state velocity field. At other times,
the calculated diffusivities agree. This suggests a direction de-
pendent imbalance of eddy diffusivities and the mean flow field,
which could be explained by upstream located disturbances of
the flow.
[34] It should be noted that fluxes due to transient
conditions complicate other noninvasive measurements as
well. The measurement of mean concentration gradients in
the BBL [Holtappels et al., 2011] in combination with
measured or calculated turbulent diffusivities [Holtappels
and Lorke, 2011] are affected in the same way. However,
the determination of relative fluxes of two different solutes
(e.g., O2 and NO3

�) from their concentration profiles
remains unaffected by nonsteady state current velocities,
because the transient turbulent diffusivities are the same
for both solutes [Holtappels et al., 2011].

4.3. Consequences for EC-Measurements

[35] Strong O2 gradients and rapid change of current
velocities in the bottom water are most likely found in
coastal waters where winds, tides and strong O2 sinks and
sources prevail. Thus, EC-measurements under these
conditions are challenging. We show that moderate changes
of mean current velocities and mean O2 concentrations
can cause EC-fluxes that deviate by up to 100% from
the true benthic flux estimate (Figure 8). In both cases, the
discrepancy increases with the distance between the
measuring volume and the seabed. Therefore, measurements
closer to the sediment are less prone to errors than
measurements conducted further away from the surface, but
this will at the same time reduce the size of the measuring
foot print. In general, it is recommended to carefully
analyze the velocity and O2 concentration time series
recorded during EC-deployments and resolve their rate of
change to estimate how this may confound the true benthic
flux. In addition, we recommend EC-measurements
over extended periods to cover the site-specific natural
variability of flow conditions and O2 concentrations. Long
sampling periods increase the probability that biases due
to increasing and decreasing velocities or concentrations
are averaged out and result in a trustworthy mean flux.
[36] Interpretation of EC-fluxes is complex, and there
is the risk of a biased selection between valuable data and
outliers, since common objective evaluation criteria are
not well defined, so far. In general, there is a priori no reason
to discard extremely high or low fluxes that may not fit
into the expected range, unless there is evidence that the
sensor performances were compromised during those
periods. Instead, the measured fluxes have to be interpreted
in light of the present hydrodynamic conditions. This
study provides some important guidelines to reach this
ultimate goal.
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Appendix A

[37] Applying the logarithmic law of the wall, the current
velocity profile is calculated:

U zð Þ ¼ u�
k
ln

z

z0

� �
(A1)

[38] The depth averaged velocity �U can be obtained by
integration of the current velocity between z0 and zup, where
z0 denotes the hydraulic roughness and zup the upper boundary
of the BBL:

�U ¼ 1

zup

Zzup

0

U zð Þdz ¼ 1

zup

Zzup

0

u�
k
ln z=z0ð Þdz (A2)

�U ¼ 1

zup

u�
k

ln zup=z0
� �

zup �
Zzup

0

zd ln z=z0ð Þ½ �
0
@

1
A (A3)

�U ¼ 1

zup

u�
k
ln zup=z0
� �

zup � zup
� �

(A4)

�U ¼ u�
k
ln zup=z0
� �� 1� �

(A5)

[39] The flux due to changing concentrations over time is
given by

J zð Þ ¼ @C

@t

1
�U

Zz

0

U ’ zð Þdz (A6)

[40] Equation (A-5) is inserted into equation (A-6):

J zð Þ ¼ @C

@t

1
�U

Zz

0

U zð Þ- �Uð Þdz (A7)

J zð Þ ¼ @C

@t

Zz

0

U zð Þ= �U -1ð Þdz (A8)

J zð Þ ¼ @C

@t

1

ln zup=z0
� �� 1

Zz

0

ln z=z0ð Þ-ln zup=z0
� �þ 1� �

dz (A9)

J zð Þ ¼ @C

@t

1

ln zup=z0
� �� 1 ln z=z0ð Þz� z- ln zup=z0

� �� 1� �
z

� �

(A10)

J zð Þ ¼ @C

@t
z

ln z=zup
� �

ln zup=z0
� �� 1 (A11)

Appendix B: COMSOL 2D Model

[41] Low-Reynolds-Number Turbulent Flow (k-e) coupled
to Transport of Diluted Species

Turbulent Flow, k-e:

Domain:

Reynolds-averaged Navier-Stokes equations:

r
@u

@t
þ r u�rð Þu ¼ r� �pIþ mþ mTð Þ ruþ ruð ÞT

� 	
� 2
3
rkI


 �

þF; rr�u ¼ 0

Transport equation for turbulent kinetic energy k:

r
@k

@t
þ r u�rð Þk ¼ r� mþ mT

sk

� �
rk


 �
þ Pk � re

Transport for the dissipation rate e:

r
@e
@t
þ r u�rð Þe ¼ r� mþ mT

se

� �
re


 �
þ Ce1

e
k
Pk � Ce2r

e2

k
fe

with

turbulent viscosity mT ¼ rCm k2

e fm
production term Pk= mT[ru : (ru+ (r u)T)]

damping functions

fm ¼ 1� e�l
�=14

� �2� 1þ 5

Rt
3=4

e� Rt=200ð Þ2
� �

fe ¼ 1� e�l
�=3:1

� �2� 1þ 0:3e� Rt=6:5ð Þ2
� 	

turbulent Reynolds number Rt ¼ rk2

me

dimensionless wall distance l� ¼ rueLW
m , with ue ¼ me

r

� 	1=4

closest wall distance LW ¼ 1
G� Lref

2 , with Lref = 0.75

constants Ce1 ¼ 1:5 Ce2 ¼ 1:9
Cm ¼ 0:09 sk ¼ 1:4 se ¼ 1:5

dynamic viscosity m= 0.001 Pa s
density r= 999.6 kg m-3

The reciprocal wall distance is solved:
rG � rG+ swG(r �rG) = (1 + 2sw)G

4, sw= 0.1

Boundaries:

Wall:

u ¼ 0 k ¼ 0 e ¼ lim
LW!0

2mk
rLW 2

G ¼ 2

Lref
Symmetry:

u�n ¼ 0 K � K�nð Þn ¼ 0
K ¼ mþ mTð Þ ruþ ruð ÞT

� 	
� 2
3
rkI


 �
n

rk�n ¼ 0 re�n ¼ 0 rG�n ¼ 0

Periodic Flow Conditions

usource ¼ udest ksource ¼ kdest
esource ¼ edest Gsource ¼ Gdest
Pressure difference psource � pdest : manually adjusted
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Transport of Diluted Species:

Domain:

Convection-Diffusion Equations

@ci
@t
þr� �Dircið Þ þ u�rci ¼ Ri

Ni ¼ �Dirci þ uci

with

Reaction rate Ri= 0
Turbulent +Molecular Diffusivity: Di ¼ mT

r þ 10�9 m2 s-1

Boundaries:

Periodic Conditions

ci;source ¼ ci;dest

Flux

�n�Ni ¼ �1:1574 x 10�7mol m�2s�1 ¼ 10 mmol m�2d�1
� �

Concentration

ci ¼ 0:3 mol m�3 model studyð Þ; 0:17 mol m�3 Loch Etiveð Þ

Mesh:

Number of mesh elements 36,250
Resolution at the wall: 0.00027 m
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Chapter 4. Arctic deep sea TOU by eddy correlation

4.1 Abstract

Measuring benthic oxygen fluxes with eddy correlation has become a widely used tech-

nology in marine biogeochemistry. However, flux measurements in deep-sea sediments

with low benthic consumption rates are rare, in fact only one other study (Berg et al.,

2009) exists. Here we use the eddy correlation (EC) technique in combination with

micoprofiler measurements and chamber incubations to estimate the benthic oxygen

consumption of an oligotrophic Arctic deep-sea site. The results obtained with an EC

system at 2500 m water depth at the HAUSGARTEN observatory represent the deep-

est and lowest in situ oxygen exchange measurements at the sediment-water interface

ever achieved with this non-invasive stand-alone technique. But a considerable post

processing procedure (e.g. lowering the acoustic Doppler velocimeter beam correlation

threshold and evaluating the significance of the fluxes coupled to flow direction and

magnitude) was necessary to account for the limiting conditions that were found at this

oligotrophic Arctic deep-sea site, i.e. clear waters, low oxygen fluxes and low turbulence.

The corrected EC oxygen flux compared well with simultaneous measurements carried

out with a microprofiler and benthic chambers (DOU = -1.2 ± 0.1, TOU= -1.2 ± 0.3,

EC-flux = -0.9 ± 0.2 mmol O2 m−2 d−1). Our results show that the EC technique is

applicable to such extreme environments, and capable of measuring significant oxygen

fluxes in the order of 1 mmol m−2 d−1 with low turbulence and clear waters.
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4.2 Introduction

Flux measurements by eddy correlation (EC) systems together with state-of-the-art

techniques contribute to investigations of benthic biogeochemical processes in sediments

and thus in marine ecosystem studies. In situ flux measurements are a prerequisite for

marine budget calculations and an important factor for our understanding of the marine

cycle of matter. In 2003 the aquatic application of the EC technique was introduced

for the estimation of benthic oxygen fluxes (Berg et al., 2003). The measuring principle

of EC allows a direct estimation of vertical fluxes by the correlation between the mea-

sured fluctuations of vertical velocity (with an acoustic Doppler velocimeter, ADV) and

oxygen concentration (with a fast responding microsensor) at a single point above the

seafloor. Advantages of this approach are: (I) it is non-invasive, (II) it integrates over a

large footprint area, (III) it incorporates in situ hydrodynamics, and (IV) it provides a

long-term estimation of vertical fluxes.

Vertical oxygen flux can be calculated as the average over a period, significantly longer

than the time scale of turbulent fluctuations and variations in the benthic boundary

layer. For this instance EC instrumentation must be able to reasonably resolve the flux-

relevant scales, which depend on the local dissolved oxygen gradients and turbulence

(Lorrai et al., 2010). The technique’s challenge is thereby the resolution of the two sen-

sors under unfavorable conditions of especially weak turbulence or low oxygen gradients,

that may determine fluctuations too small to be resolved.

So far most of the EC measurements were addressed to coastal or shelf ecosystems with

a measured range of fluxes between 10 - 400 mmol O2 m−2 d−1 (Kuwae et al., 2006;

McGinnis, 2008; Glud et al., 2010; Hume et al., 2011; Reimers et al., 2012; Long et al.,

2013), while there is lack of deep-sea applications. The only EC deployment in deep-

sea sediments was carried out by Berg et.al. (2009) in Sagami Bay (Japan) at 1450 m

depth, where they have measured the benthic oxygen-uptake with in situ benthic cham-

bers, vertical sediment microprofiles and an EC system.

To quantify benthic oxygen consumption of deep-sea sediments, in situ measurements

are preferable than measurements on retrieved intact cores, to avoid artifacts introduced

by decompression and temperature changes, that may result in an overestimated oxygen

consumption (Glud et al., 1994). For the interpretation of flux rates measured with

different in situ methods, the different spatial and temporal scales that are addressed

have to be taken into account. With oxygen microprofiles, the dissolved oxygen uptake

(DOU) and the oxygen microdistribution within the sediment, are measured at a single

point (Revsbech et al., 1980; Jørgensen and Revsbech, 1985; Reimers et al., 1986; Glud

et al. 1994), excluding the fauna-mediated oxygen uptake. Thus several time-consuming

sediment profiles have to be done before a certain area is covered. Fluxes measured by

benthic chamber incubations (e.g. Jahnke and Christiansen, 1989; Archer and Devol,
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1992), following the decrease in the enclosed water oxygen concentration over time,

represent the total oxygen flux (TOU) including diffusion as well as advective oxygen

transport across the sediment-water interface due to bioirrigation, even though larger

fauna species may be excluded (Glud and Blackburn, 2002; Glud et al., 2003). Also,

since chambers enclose a certain sediment area with the overlying water they can only

mimic a certain hydrodynamic conditions neglecting natural variations in the flow field.

The main advantage of the EC technique in respect to the other methods is that it

allows estimating benthic exchange rates without disturbing the surface nor enclosing

portions of sediment with the overlying water. EC measurements are also representative

of for a larger seafloor area (in the order of tenths of m2, Berg et al., 2007) in respect

to chamber incubations (order of cm2) and microprofiles (for which single profiles need

to be reiterated many times to cover an area).

The benthic oxygen consumption at the seafloor depends on the amount of organic mat-

ter that can be mineralized (Seiter et al., 2005). In deep oceans most of the organic

material produced in the water column is recycled in the upper 1000 m (e.g. Suess,

1980; Lee et al., 1998) and only a small fraction of it reaches the seafloor (Smith et al.,

1994; Wenzhöfer and Glud, 2002 and references therein) where it is either remineralized

or permanently buried in the sediment (Berner, 1980; Canfield, 1994). Quantitative

measurements are therefore needed to estimate budgets of organic matter mineraliza-

tion at the seafloor for which benthic oxygen uptake measurements are a commonly used

proxy for the total benthic mineralization rate (e.g. Smith and Hinga, 1983). The Arc-

tic Ocean, where primary production is limited by ice coverage (Ramseier et al. 1999;

Hebbeln, 2000; Schlüter et al., 2000; Caroll and Caroll, 2003; Richardson et al., 2005), is

characterized by low sedimentation rates to the sea floor (Rutgers et al., 1997; Schlüter

et al., 2000; Schewe and Soltwedel, 2003; Sakshaug, 2004; Nodder et al., 2005; Bauer-

feind, 2009), thus by low oxygen uptake rates, for which however, only a few studies

exist.

Here we present EC flux measurements from an oligotrophic Arctic deep-sea site. Post

processing procedures and analyses are introduced to account for I) the small fluc-

tuations of oxygen at the sediment water interface (limiting condition for the oxygen

fluctuation measurements) and II) the low amount of particles in the water column, thus

low backscatter signal for the ADV (limiting condition for the velocity measurement).

The corrected EC flux data are then compared to benthic chambers and microprofiler

measurements.
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4.3 Material and Methods

4.3.1 Site Description

The HAUSGARTEN observatory (Soltwedel et al., 2005) is located in the Fram Strait

(Fig. 4.1) a large channel (ca. 500 km wide) that separates the northeast Greenland

from the Svalbard archipelago. With a sill depth of ca. 2600 m, this is the deep-water

connection where heat and mass exchanges takes place between the North Atlantic and

the Arctic Ocean (Manley 1995; Fahrbach et al., 2001; Schauer et al., 2008). The hydro-

graphic regime at HAUSGARTEN is therefore characterized by the inflow of relatively

warm and nutrient-rich Atlantic water into the central Arctic Ocean, and outflow of less

saline polar waters (East Greenland Current). Due to the heat exchange, the sea-ice

cover in Fram Strait is variable, with permanently ice-covered areas in western parts,

permanently ice-free areas in southeastern parts, and seasonally varying ice conditions in

the central and northeastern parts of the Fram Strait (Vinje, 1977,1985) also influencing

the export of organic matter to the seafloor (Bauerfeind et al., 2009). Despite the fact

that the primary production export varies over a seasonal cycle, the overall amount of

particulate organic material reaching the deep seafloor is low (Bauerfeind et al., 2009,

Forest et al., 2010). Thus low particle concentrations are to be expected in the bottom

water. During the ARK XXIV/2 cruise on the research ice-breaker RV Polarstern in

July 2011, in situ benthic oxygen uptake measurements were performed at the central

HAUSGARTEN sampling station (Fig. 4.1. 79◦ 4.83’ N; 4◦ 5.41’ E) at 2467 m water

depth.

4.3.2 Benthic oxygen flux measurements

In situ benthic fluxes were measured with all presently available deep-sea instruments,

including state-of-the-art benthic chambers (Jahnke and Christensen, 1989; Pfannkuche,

1993; Tengberg et al., 1995; Wenzhöfer and Glud, 2002) and microprofiler (Reimers et

al., 1987; Glud et al., 1994; Wenzhöfer and Glud, 2002) as well as the recently introduced

Eddy Correlation (EC) system (Berg et al., 2003, 2009). The instruments were mounted

to two autonomous benthic lander systems (Witte and Pfannkuche 2000; Wenzhöfer and

Glud, 2002) deployed next to each other for approx. 72 hours. One lander was equipped

with a microprofiler unit, providing dissolved oxygen uptake (DOU) measurements, and

the other carried 3 benthic chambers together with an Eddy Correlation (EC) system,

providing total oxygen uptake (TOUCh and TOUEC) data. The difference between TOU



Chapter 4. Arctic deep sea TOU by eddy correlation

and DOU is commonly dedicated to faunal-mediated consumption, including bioirriga-

tion and bioturbation as well as the animal respiration itself (Glud, 2008 and references

therein).

4.3.3 O2 Microprofiles

During the high-resolution O2 measurements in the sediments 5 Clark-type oxygen mi-

croelectrodes (Revsbech, 1989) mounted on an autonomous x-y-z microprofiler module

were driven downwards with increments of 150 m steps from the water column to a sed-

iment depth of 6.5 cm. The system allowed repeated profiles by horizontal repositioning

of the module after each profile. Thus 16 O2 profiles within an area of 625 cm2 were

obtained. The microsensors were calibrated by applying a two-point calibration from

the O2 concentration in the bottom water determined by Winkler titration (Grasshoff

et al., 1983) and on-board signals recorded in anoxic, dithionite-spiked bottom water

before instrument deployment. Diffusive Oxygen Uptake (DOU) was calculated from

the linear concentration gradient in the Diffusive Boundary Layer (DBL) by applying

Fick’s first law of diffusion, as described in Jørgensen and Des Marais (1990). The dif-

fusion coefficient of O2 in seawater was corrected for salinity and temperature (Li and

Gregory, 1974).

4.3.4 Benthic chamber incubations

The Chamber Total Oxygen Uptake (TOUCh) at the sediment-water interface was de-

termined in situ with 3 squared benthic chambers (20 x 20 cm; Witte and Pfannkuche

2000). Changes in oxygen concentration were monitored over time by optode measure-

ments (Glud et al., 1996). During the incubation the overlying water (water height 10

- 15 cm) was gently stirred to mimic the in situ hydrodynamic conditions. TOUCh flux

(mmol O2 m−2 d−1) was calculated from the initial linear decrease in O2 concentration

versus time (Wenzhöfer and Glud, 2002).

4.3.5 EC instrument and deployment

The EC system consisted of a Nortek acoustic Doppler velocimeter (ADV) for the mea-

surement of the three components of the flow field (x,y,z) and a Clark type O2 micro-

electrode (Revsbech, 1989) connected to an amplifier for the measurement of dissolved

oxygen concentration (Berg et al. 2003), both powered with an internal battery lasting

for approx. 11 hours. The O2 microelectrode (tip diameter 15m, response time < 0.2 s)

was calibrated at in situ conditions (salinity and temperature) against oxygen saturated



Chapter 4. Arctic deep sea TOU by eddy correlation 89

and anoxic seawater (Gundersen et al., 1998). The EC system was fixed to one of the

landers (Fig. 4.6), provided with a fin on the opposite side to initially help the orien-

tations of the EC sensors towards the main current flow. However, during the 11 hour

measuring time current direction varied which needs to be considered for EC oxygen

flux calculations.

4.3.6 EC flux analysis

EC fluxes (equal to TOUEC) were obtained by correlation of the instantaneous fluctu-

ating components of vertical velocity (w’) and O2 concentration (C’) at 15 cm above the

seafloor, according to the following equation:

ECFlux = w′C ′ (4.1)

A multistep process was used to extract fluxes from the raw data. The first step was to

average the 32 Hz recordings to 4 Hz to reduce the signal to noise ratio, and to increase

the ease of handling the data set. In concomitance to the filtering process, velocity

spikes were removed by the interpolation method by Goring and Nikora (2002) using an

ADV beam correlation threshold of 0.5. At this stage the tilt of the ADV was corrected

using the planar fit method by Wilczak (2001). This procedure is carried out to avoid

components of horizontal velocities to be mapped onto the vertical velocities (Shaw

and Trowbridge, 2001). By spectral analysis on the time series, it was verified that no

flux contributions occurred below frequencies of 0.01 Hz (i.e. 100 s). This allowed the

following step of separating the time series into time-average and fluctuating components

(Reynolds decomposition) (Lee et al., 2004), using a window size of 5 minutes, which

includes all turbulent flux contributions.

As both sensors are spatially separated, the delay between the time series w’ and C’

depends on the distance between the ADV velocity sampling volume and the O2 sensor

tip, the turbulent regime, and the response time of the O2 microelectrode (McGinnis et

al., 2008; Lorrai et al., 2010). Therefore the time series w’ and C’ were cross-correlated

for each burst allowing stepwise time shifts of 0.25 s (for a maximum of ±4 s) (Holtappels

et al., 2013), and the flux was calculated by the highest correlation coefficient. The cross

correlations were then evaluated by calculating the probability of receiving the same

correlation (i.e., the same flux) from random data sets (corrcoef function in Matlab),

setting at 0.05 the threshold for a significant flux.
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4.4 Results

4.4.1 EC fluxes

The 11-hour EC measurement was performed between 2:00 and 13:00, where the current

velocity varied between 0.2 and 4.4 cm s−1 with a mean of 2 cm s−1 (Fig. 4.2a). The

decrease in current velocity below 1 cm s−1 during the last hours of the deployment

was concomitant to several directional changes. Until 10:00 the current was coming

from the front of the EC system, i.e. the O2 sensor faced downstream with respect to

the main current direction. After 10:00 abrupt changes in the current direction were

associated to oscillations in the current magnitude (max ±1 cm s−1). This is ascribable

to the interference that the lander frame caused with the flow as soon as the current

was directed towards positive degrees (0-180 (Fig. 4.6). The O2 concentration measured

by the microelectrode decreased constantly during the 11 hours, from 305 to 296 μmol

L−1, which is most probably due to an electronic drift in the signal (Fig. 4.2b). A

change in O2 concentration (whether real or an artifact) can, however cause undesired

contributions to the EC flux (Holtappels et al., 2013). In our case the small decrease

can be removed by applying the running average to the time series, preventing any effect

on the flux calculations (Berg et al. 2003).

The EC fluxes (Fig. 4.2c) from the entire data set revealed an average flux of -0.7 ±0.3
mmol O2 m−2 d−1, while taking only the period until the current direction changed into

account (first 28 bursts), the average flux results of -0.9 ±0.2 mmol O2 m−2 d−1. As the

statistical analysis on the 15 minutes interval cross correlation revealed 1 non-significant

burst (marked with cross in Fig. 4.2c), this was not included in the average.

4.4.2 O2 Microprofiles

A total of 16 O2 profiles were recorded by the microprofiling instrument covering an

area of 625 cm2, with an average diffusive flux of -1.2 ±0.1 mmol O2 m−2 d−1. All

measured oxygen profiles showed a deeply oxygenated sediment (Fig. 4.3), with an

oxygen penetration depth of approx. 8 cm. However, the single profiles reveal a deviation

in the upper sediment layer indicating some heterogenic distribution of organic matter

or bioturbation activity.

4.4.3 Benthic chamber incubation

TOUCh was estimated from 3 benthic chambers incubating a sediment area of 400 cm2

over 48 hours. From the initial decrease in oxygen over time an average TOUCh of -1.2
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±0.3 mmol O2 m−2 d−1 was calculated.

4.5 Discussion

Resolving low benthic fluxes with EC, as observed at the HAUSGARTEN deep-sea site

HG IV, is challenging because they represent the lower limit of what can be resolved

with this technique. Additionally, clear bottom water with lack of particles, which is

often the case in oligotrophic areas, can compromise the quality of ADV data. In the

following we describe the procedures that led to reliable EC fluxes and the assessment

of their significance. The EC flux is compared with other benthic O2 fluxes carried out

by microprofiler and benthic chambers.

4.5.1 ADV beam correlation threshold

Although ADVs provide accurate estimates of water velocities, weak scatters in clear

waters can reduce the return signal strength to the level of background noise (Elgar

2005). Weak scatters are associated to a low beam correlation (CORR) i.e. the coherence

between the Doppler shift observed with successive pings (Cabrera et al. 1987, Lhermitte

and Lemmin 1994), which lead to inaccurate velocity estimates (Zedel et al. 1996). The

ADV correlation signal (ranging from 0 to 1.0) is therefore used to diagnose data quality

(Zedel et al. 1996; SonTek 2004). To mark data points as bad, Elgar et al. (2005)

proposed a correlation threshold γCORR as:

γCORR = 0.3 + 0.4

√
fs

fmax
(4.2)

where fs is the sampling frequency for the measurements and fmax is the maximum

ADV sampling frequency. Data points where the correlation is lower than γCORR on

any of the three beams (the three components of the current velocity) are marked bad.

According to Eq. 2, with a sampling frequency of 32 Hz and a maximum capability for

the ADV to sample at 64 Hz, the recommended CORR threshold is 0.6. However, when

applying this threshold to our data to filter the data from 32 to 4 Hz and replace the

outliers by interpolation, we could verify that more than 50% of the bins (composed by

8 data points) had to be replaced entirely. Therefore we lowered the CORR threshold

to 0.5. Applying this threshold to our data increased the number of bins which had at

least one original data point to 70%, thus allowing a more robust interpolation. However,

we checked the variance preserving spectrum of the velocity component to verify if the

filtered signal (from 32 to 4 Hz) was still capable to resolve the inertial subrange, i.e. the



Chapter 4. Arctic deep sea TOU by eddy correlation

scales that play a dominant role in energy and momentum transfer in the wavenumber

space (Fig. 4). The spectral analysis on the vertical velocity component revealed that

the frequencies of turbulent eddies contributing to the flux are still captured by the

processed signal, and that the flux contributing turbulent structures have a lifetime

between 1 and 100 s (Fig. 4).

4.5.2 Electronic noise and small O2 fluctuations

Calculating EC fluxes from extremely small fluctuations of the O2 concentration at the

sediment-water interface, due to low consumption rates of the sediment, is challenging for

EC flux calculations (Berg et al. 2009). The expected turbulent O2 fluctuations depend

on the local O2 gradient and turbulence. As the sediment O2 uptake is known (-1.2 ±0.1
mmol O2 m−2 d−1, DOU from microprofiles), the magnitude of O2 fluctuations can be

estimated based on the turbulent velocities (as in Lorrai et al., 2010). With a current

velocity at 1 m above the seafloor of <0.03 m s−1 and a bottom friction coefficient for

muddy sediments of 0.002, the expected O2 fluctuations for our site result approx. ±0.01
mmol m−3. This magnitude is close to the noise level of the used microelectrode (±0.06
mmol m−3) calculated as the standard deviation of the difference of two consecutive data

points of the measured O2 concentration (Lorrai et al., 2010). However, electronic noise

is by definition randomly distributed around the mean, therefore should not significantly

correlate with the vertical velocity fluctuations (Berg et al., 2009). A first indication that

the measurement consistently represented all eddy sizes that contributed to the flux is

given by the cumulative cross-spectral density of C’w’ (Fig. 4.5), that shows the range of

the flux contributing eddies between 1 and 0.1 Hz (1-100 s). The correlation between C’

and w’ for the entire deployment, where fluxes were calculated on a 15 minute interval,

shows that only one burst corresponded to non-significant flux. This confirms that

the measurement represents consistently the vertical O2 turbulent transport. However,

an unsteady flow field may also lead to statistically strong correlations even when not

related to sediment exchange rates (Holtappels et al., 2013) and needs to be verified.

4.5.3 Effect of current field on measured EC fluxes

In general, a time average of negative correlations between w’ and C’, i.e. negative flux,

indicates a net transport of O2 toward the sediment, while positive fluxes correspond

to a net transport of O2 from the sediment to the water column. Two out of the 43

bursts of the EC measurements showed positive fluxes (Fig. 4.2c), with p<0.05 (thus

significant). This is unlikely to be the case for deep sea sediments at 2500 m water

depth, where photosynthetic activity is excluded. Thus the measured flux is not related
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to the sediment biogeochemical activity but rather to an effect of concomitant reversals

in the direction of the current flow (Fig 2a), that may have led to positive correlations.

Flux calculation might not only be compromised by the occurrence of rapid unsteady

conditions in the current field (Holthappels et al., 2013), but also because the change in

the current direction induced the flow to interfere with the lander frame, with consequent

enhanced unsteady conditions.

Magnitude and direction of the current were calculated from ADV readings, respectively

as the absolute value of the resultant of horizontal velocity components and the angular

coordinate of the point (x,y). The position of the two sensors in respect to the current

direction was inferred by the heading of the ADV compass.

Between 2:20 and 10:00 the current direction was -60 thus coming from the free area

in front of the EC system (black arrow in Fig. 4.6). After 10:00 the current started

turning towards the back of the lander frame at which the EC system was attached

(green arrows in Fig. 4.6). Therefore, due to the shift in current direction, the frame

disturbed the last part of the measurement. This abrupt change in current direction

that occurred in the last part of the deployment (after 10:00) was also associated to low

current magnitudes (< 1 cm s−1), a decreasing EC O2 flux magnitude and an increasing

variance (average O2 flux until 10:00 = -0.9 ±0.2 mmol O2 m−2 d−1; average after 10:00

= -0.4 ±0.4 mmol O2 m−2 d−1). Holtappels et al. (2013) showed that non steady

state conditions such as a sudden change in current magnitude from 2 to 10 cm s−1

can bias EC fluxes by 30-100% for several hours. In our data set a current magnitude

decrease of 3 cm s−1 occurred over 3 hours (from 7:00 to 10:00, Fig. 4.4a) and the

average flux showed a concomitant decrease of about 30% (from -1 to -0.7 mmol O2

m−2 d−1). However, we do not observe the same effect on EC fluxes at the beginning of

the deployment, when the current magnitude increased form 1 to 4 cm s−1. Therefore,

EC fluxes seems to be more affected by the abrupt changes in current direction, when

the current reached magnitudes lower than 1 cm s−1, than by the change in current

magnitude that took place with the same trend at the beginning and in the second

half of the deployment period. The low and unsteady current velocities most likely

compromise the EC flux calculation, especially when associated to a weak O2 gradient

at the sediment-water interface. These conditions brought the technique to the limit of

its detection possibilities, which were so far never assessed.

4.5.4 Time shift correction

It was shown that the time shift needed to achieve the most significant correlation (as

described in the methods section) corresponds to the sum of the traveling time (the time

that the water parcel needs to pass from the velocity sampling volume to the O2 sensor
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tip) and response time of the O2 sensor (Donis et al. in prep.). Especially when the O2

sensor is oriented parallel to the current flow, the time shift correction is a procedure

that leads to a better precision of the EC flux estimation (Donis et al. in prep). The

co-spectra in Fig. 4.7 reveal that the non-shifted data would underestimate the flux

by almost 50 % (corresponding to a 15 minutes measurement). For EC deployments it

is particularly important to assess the uncertainties when no reference measurement is

available or possible (e.g. hard substrates) or when the comparison with other techniques

is not reasonable (e.g. highly heterogeneous substrates).

For our data set the robustness of the EC fluxes is improved by applying the time shift,

as shown by the significance of the correlations (Fig. 4.8). The non-corrected fluxes

produced a total of 19 bursts corresponding to non-significant fluxes (p > 0.05), while

after correction only one burst was non-significant. The correction allows to preserve

almost the entire data set, otherwise it would be required to discard (as non-significant)

more than 40% of the total bursts.

4.5.5 Assessment of uncertainties

A statistical approach is probably the most straight forward tool to determine the level

of uncertainty of EC fluxes, since these are given by a mathematical expression (the

correlation). In light of this, to determine the level of uncertainty and the detection

limit of the technique for the conditions that we encountered at HAUSGARTEN, the

significance of the flux calculation as functions of the flux magnitude is presented in Fig.

9. The significance of the correlation decreased in correspondence to fluxes between

±0.4 mmol O2 m−2 d−1. This also coincided with the unstable flow regime and flow

velocities < 1 cm s−1, indicating that fluxes measured during the last 3 hours of the

deployment were statistically scarcely robust. Therefore we consider the first 8 hours of

the deployment as a reliable representation of the benthic oxygen consumption, which

results in a average EC flux of -0.9 ±0.2 mmol O2 m−2 d−1 .

4.5.6 Comparison between methods

Oxygen benthic fluxes obtained by the three techniques used for this study at 2500 m

depth in Arctic sediments at HAUSGARTEN (microprofiler, benthic chambers, eddy

correlation) are in good agreement. From the microprofiles performed, the average O2

flux (DOU) is -1.2 ±0.1 mmol O2 m−2 d−1 (N=16), the TOU obtained form benthic

chamber incubations is -1.2 ±0.3 mmol O2 m−2 d−1 (N=3) and the corrected average

EC flux is -0.9 ±0.2 mmol O2 m−2 d−1. As known, the EC measurement integrates

over a larger area than any other instrument that measures benthic fluxes. This area,
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called footprint, can be estimated knowing the bottom roughness and the distance of

the measurement from the seafloor (Berg et al. 2007). Using the senor height above

seafloor of 15 cm and a relatively smooth sediment surface, the estimated footprint area

at our study site is approx. 150 m2. The comparison between the three methods might

be limited by sediment heterogeneity that can be encountered within the area integrated

by the EC measurement, compared to the smaller area used for microprofiling (625 cm2)

and benthic chamber incubations (400 cm2) which also excludes any in situ hydrody-

namics. However, the investigated sediment area at HAUSGARTEN is known to be

very homogene, with respiration rates comparable to abyssal plain food webs that are

under strong energy limitation (Soltwedel et al., 2005; VanOevelen et al., 2011). The

cohesive sediments and the low benthic oxygen consumption lead to an oxygen penetra-

tion that is poorly affected by the hydrodynamics of the overlying water. This makes

the comparison between the three methods trustworthy. The difference between DOU

and TOU is generally assigned to fauna-mediated oxygen consumption, that includes

respiration activity of the organisms and the increase of oxygen penetration in deeper

sediment layers through their borrows (Wenzhöfer and Glud, 2002; Grenz et al., 2003;

Rabouille et al., 2003). At HAUSGARTEN central station HG-IV (2500 m) sediment

respiration is clearly dominated by prokaryotes (VanOevelen et al., 2011), with a small

faunal contribution mainly due to the energy limitation. However, the ice melting in the

summer season determines a stratified euphotic marginal ice zone enriched in nutrients

that can cause intense phytoplankton blooms, thus regionally enhanced fluxes of partic-

ulate organic matter to the seafloor (Bauerfeind et al., 2009).

In light of this, a more extensive application of EC measurements for polar benthic

ecosystems seems opportune. Only a few in situ benthic oxygen flux measurements

exist for the high latitudes. For the Central Greenland Sea and the East Greenland

Continental Margin Sauter et al. (2001) reported benthic O2 fluxes estimated from in

situ micropfiles in the order of 0.2 mmol O2 m−2 d−1. These fluxes differ by a factor of

5 to the ones obtained from our measurements, highlighting the need for further inves-

tigations in this region, especially as the Arctic Ocean is facing rapid alterations due to

climate changes (e.g. Johannessen et al., 2004; Slagstad et al., 2011; Wassmann, 2011).

4.6 Conclusions

The results obtained with an EC system at 2500 m depth at the HAUSGARTEN obser-

vatory represent the deepest benthic O2 exchange ever achieved with this non-invasive

stand-alone technique. The applied data processing procedure (lowering of the ADV

beam correlation threshold, applying the time shift correction and assessing significance

to the correlations) were necessary to deal with the limiting conditions that were found
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in these deep arctic sediments, i.e. clear waters with low turbulence and low sediment

activity. The results from the EC were also compared with reference measurements car-

ried out with a microprofiler and benthic chamber incubations showing good agreement.

Therefore, we conclude that the EC technique is applicable in such extreme environ-

ments, and capable of measuring O2 fluxes < -1 mmol O2 m−2 d−1. The EC technique

thus has a great potential for long-term autonomous measurements of O2 fluxes at the

seafloor, that would allow, for instance in the Arctic Ocean, to couple real time benthic

O2 fluxes to the concomitant dynamics of the water column (e.g. primary productiv-

ity and ice thickness). In order to express this potential, next generation EC systems

should facilitate long-term measurements. Therefore the effort should be put in extend-

ing the stand-alone capability of the system (e.g. low power consumption, extend data

capacity), and the stability of the O2 measurements.
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Figures

Figure 4.1: Map of the area where AWI deep sea long term observatory HAUS-
GARTEN is located. The coordinates indicates the central station at 2500 m depth

where benthic oxygen fluxes were measured.
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Figure 4.2: Results for EC deployment. A) current magnitude (solid line) and current
direction (dashed line); B) oxygen concentration measured by the EC microelectrode;
C) Oxygen fluxes calculated for 15 minutes bursts (bars), and averaged over 1 hour

(red line). The black cross indicates a non significant flux (p>0.05).
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Figure 4.4: Variance preserving spectrum of vertical velocity measured by the ADV
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Figure 4.6: Left: Polar plot of the current direction during the deployment (from
2:20 to 13:00). The black and red squares indicate the position of the ADV sampling
volume and the oxygen sensor respectively. The frame that held the EC system and the
benthic chambers was located behind the red square. From 2:20 until 10:00 the main
current was directed to -60 (deg) thus almost frontal to the EC system, and parallel to
the sensors line. After 10:00 the current changed often direction, decreased its intensity
reaching magnitudes < 1 cm s−1 and interfered with the frame when was directed to

60-120 (deg). On the right a picture of the EC system attached to the lander.
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Figure 4.7: EC fluxes obtained without applying the time shift correction (black
bars) and corrected for the time shift (red bars). The significance scale on the right
axis (dots) indicates the robustness of the fluxes before and after time shift correction

(same color code).
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Abstract

By the use of stirred benthic chambers (SBC) integrated with seepage meters and com-

bined with deep pore water profiles, this study evaluates the effect of submarine ground-

water discharge (SGD) on mineralization pathways and net community production of

sandy sediments (Hel bight, southern Baltic Sea). Measured seepage rates of 85±16 L

m−2d−1 are in agreement with previous studies indicating that SGD is a durable fea-

ture of this site. Compared to the overlying water and to pore waters of an adjacent

reference-site, the seep site groundwater (18 cm b.s.f.) was enriched in DIC, Mn2+,

PO3−
4 , SiO4−

4 , characterized by salinities <0.5 psu and depleted in Ca2+ and SO2−
4 .

According to previous measurements the groundwater further contains dissolved CH4

and HS-. Benthic flux measurements indicate that aerobic oxidation of organic matter

represents the main mineralization pathway and similar rates of total oxygen uptake

independent by SGD, (40 ± 15 and 42 ± 9 mmol O2 m−2d−1 for the seep and reference

site, respectively) are observed at both sites.

The main difference between biogeochemical processes at the two sites is driven by the

supply of CH4 by SGD at seep site, where a ratio of 0.8 between SO2−
4 deficiency to

excess DIC, indicates anaerobic oxidation of methane (AOM) as an important process.

The sulfide generated by sulfate reduction associated with AOM most likely reduces

Fe3+ oxides that may trap additional sulfide as FeS.

Oxygen production was similar at both sites and governed by light rather than by nu-

trient availability. The supply of phosphate and silicate to the open water column that

was observed at the seep site due to SGD, was not reflected on net primary productivity

(106 ± 17 and 126 ± 33 mmol C m−2d−1 at the seep and reference site, respectively).

However, the different nutrient load between the two sites probably affects the metabolic

products of photoautotrophs that may lead to distinct trophic structures.
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5.1 Introduction

The continental hydrological water cycle and the ocean are often connected by sub-

marine groundwater discharge (SGD) in the coastal zone, a process that is primarily

driven by hydraulic gradients between subterranean aquifers and the ocean (Burnett et

al., 2003). SGD results in the mixing of waters with different salinities and chemical

characteristics, similarly to what happens in surface estuarine systems. Indeed, the term

”subterranean estuary” is used to describe the location of mixing between meteoric wa-

ter and seawater in coastal aquifers, where the occurring chemical reactions may modify

water’s composition (Moore, 1999).

Seepage of groundwater in coastal sands is often diffuse and patchy, depending on the

structure and permeability of the aquifer (Burnett et al., 2006; Holliday et al., 2007).

Given the dispersive character of seepage, the quantification of discharge is not trivial

and further complicated by an additional range of factors controlling the rates (e.g., spa-

tial and temporal patterns of hydrostatic pressure and surface sediment permeability,

seasonal changes in aquifer level) (Mulligan and Charette, 2009).

Methods for a direct measurement of SGD rates include seepage meters, piezometers and

geochemical/geophysical tracers (Carr and Winter, 1980; Moore, 2005; Taniguchi et al.,

2006), while indirect approaches include theoretical methods and numerical simulations,

that are mainly used for basin-scale estimations of groundwater discharge into the ocean

(see Santos et al. 2012 for a review of approaches and their limitations).

Globally groundwater discharge is thought to reach 6% of the total river input to the

ocean (Burnett et al., 2003), being recognized as a phenomenon with a potentially large

contribution to coastal-ocean geochemical budgets (Church, 1996; Moore, 2010 and ref-

erences within). This is not necessarily relating to the volume being supplied, but due

to enhanced concentrations of solutes found in the seeping ground waters (e.g., nutri-

ents, contaminants, metals, carbon dioxide, hydrogen sulfide, and methane). Indeed, it

is estimated that SGD is responsible for elemental fluxes between land to the ocean, in

quantities that exceed the magnitude of river-borne fluxes (Burnett et al., 2003; Kim et

al., 2005) and in some areas, may have pronounced ecological consequences (e.g., Costa

et al., 2006).

It is thus not surprising that the assessment of groundwater discharge and its ecological

effects on to the coastal ocean has been studied intensively over the past two decades

(e.g.Bokuniewicz, 1992;Wilson, 2005; Burnett et al., 2006; Martin et al., 2006, 2007;

McCoy et al., 2007a; Cable and Martin, 2008), and still is of high interest in particular

in northern Europe, where these questions have not been in the focus for a long time.

Many studies were centred on methodological approaches of SGD quantification aside

to its influence on the coastal nutrient and carbon budget (e.g. Beck et al., 2008; Moore

2010; Jeong et al., 2012; Rapaglia et al., 2012; Winde et al., 2013). Nutrients supplied
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to coastal waters via SGD have been documented to alter the cycles of energy flow be-

tween benthic and pelagic zones (Nixon et al., 1986; Valiela et al.,1990; Gazeau et al.,

2004; Opaliski et al., 2010) especially by influencing both sediment and water column

primary productivity ( Paerl, 1997; Hu et al., 2006) and increasing bacterial concen-

trations (Boehm et al., 2004, 2006). The biogeochemical reactions leading to carbon,

nutrient and metal release are important aspects of SGD (Moore, 2010). Abiotic and

microbially mediated reactions are usually occurring in aquifers, and through the flow

path of SGD, including ion sorption, mineral dissolution and precipitation, and the rem-

ineralization of organic matter, depending to a certain extent on substrate availability,

aquifer rock composition, and the residence time of ground water (Clark and Fritz, 1997;

Appelo and Postma, 2005).

Most studies derive chemical fluxes associated to SGD from the characterization of the

endmembers (i.e., wells and bottom water) and flow rates (e.g., Oberdorfer et al., 1990;

Charette et al., 2001; Montlucon and Sanudo-Wilhelmy, 2001). However, the reactions

that occur in the subterranean estuary can result in removal or addition of solutes

(Moore, 1999) so that any non-conservative behavior must be accounted for when de-

termining mass fluxes to the coastal ocean. It has been shown that without including

non-conservative concentration changes chemical fluxes can be significantly over- or un-

derestimated (Beck et al., 2007b).

Permeable coarse grained sands are characteristic for shallow water systems and have

been estimated to cover two thirds of the continental shelves worldwide (Emery, 1968).

By their nature, permeable sediments are more open to the advective transport of water,

dissolved solutes and fine suspended particles that are circulated through the sediment

pore space by hydrostatic pressures that result, e.g., from interactions of bottom flow

with topographical features at the sediment-water interface (Huettel et al., 1996; Cook

et al., 2007b). Owing to the fast exchange rates associated with this so called ”pore wa-

ter advection”, solute fluxes to the overlying water column may be orders of magnitude

greater than for fine-grained sediments despite the relatively low solute concentrations

typically found in permeable sediments (Huettel and Gust, 1992; Huettel et al., 1996;

Huettel and Rusch, 2000; Ret al., 2002; Janhke et al., 2003). Coastal sand-beds are

now known to function as fast bioreactors where low organic carbon and nutrient con-

centrations reflect a high turnover rate rather than low activity (Huettel et al. 1998; de

Beer et al., 2005). Despite the fact that permeable sediments are widespread in coastal

regions that are often influenced by SGD, their role as zones of groundwater-related

biogeochemical transformations have been largely overlooked (Charette and Bruesseler,

2004). The interactions between pore water advection and seepage adds complexity to

SGD characteristics in permeable sediments (e.g. Beck et al., 2008). Both processes

may be influenced by dynamic mechanisms such as tidal pumping and wave action that

may add not only spatial but also temporally variability to seepage patterns and rates
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(Santos et al., 2012).

In situ incubations of stirred benthic chambers represent a standard approach to esti-

mate benthic respiration rates and fluxes. They leave sediments relatively undisturbed,

may assess fluxes for any solute, include fauna-related processes and are able to rea-

sonably represent natural hydrodynamic conditions in terms of diffusion properties and

rates of pore water advection (Tengberg et al., 1995, 2005; Janssen et al., 2005; Cook

et al., 2007b). DIC and oxygen day- and night-fluxes determined by means of benthic

chambers provides an estimate for rates benthic carbon mineralization (Glud, 2008)

and photosynthesis (Jahnke et al., 2000; Rascheed et al., 2004) while the O2:DIC ra-

tio provides information on the nature of remineralization processes. Areas of SGD in

the Polish coastal zone were first observed in the early 1990s (Jankowska et al., 1994;

Piekarek-Jankowska, 1996; Falkowska and Piekarek-Jankowska, 1999) in the area of the

Puck Bay (southern Baltic Sea). The present study was carried out at Hel bight (Fig.

5.1), where several studies in the years 2009 and 2010 found in an area of near-shore

permeable sandy sediments seep-type escapes of low-saline groundwaters into the bay

(see Kotwicki et al., 2013, and references therein).

As part of the AMBER project of the BONUS+ initiative special focus was put on the

biogeochemical impact of SGD on benthic processes at Hel bight. Investigations were

centered on the comparison of ground water impacted and un-impacted sites (Vogler et

al., 2010). Recent studies showed that SGD impacted sediments at Hel bight are char-

acterized by high rates of production and emission of groundwater-derived methane. It

was shown that the seepage affects the spatial distribution, abundance and taxonomic

composition of benthic communities and may result in a significant reduction in meio-

faunal density (Kotwicki et al., 2013).

This study addresses the effect of SGD on processes and rates in sandy sediments of

Hel bight by the use of stirred benthic chambers combined with seepage meters as well

as deep pore water profiles. Similar methods were used by Cook et al. (2007a), who

investigated benthic fluxes and mineralization rates at Hel bight focusing on sediments

not impacted by SGD. In the present wortk we compared a seepage ”hot spot” to an

adjacent site virtually unaffected by SGD. Seepage rates and benthic solute fluxes were

measured simultaneously and compared to vertical solute distributions in order to assess

aerobic and anaerobic mineralization as well as photosynthetic activity / net community

production.
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5.2 Materials and Methods

5.2.1 Study area and pore water investigations

The Polish Hel Peninsula forms a semi-enclosed basin (Puck Bay) in the western part of

the Gulf of Gdansk (southern Baltic coast) (Fig. 5.1). A field campaign was conducted

from August 25th to September 4th 2011 directly off the beach at the township of Hel

(54◦ 3”25”N, 18◦ 47’57”E) at a water depth of 1 to 1.5 m. The tidal influence is minimal,

and small changes in water level at the site are controlled by wind driven seiches (Cook

et al., 2007a; Kotwicki et al., 2013). During the campaign, a recording current meter

(Type Seaguard, AADI, Bergen, Norway) was deployed in direct vicinity of the chamber

incubations. The instrument recorded current speed and direction, temperature, salinity,

and dissolved oxygen approx. 20 cm above the sediment surface at 5 minute temporal

resolution. It is known from previous studies that at Hel bight groundwater escapes

from shallow water seeps in close proximity to the beach (Kotwicki et al., 2013). The

extent and rates of seepage depend on several factors including sea level, wave action,

precipitation and sea bottom relief (Santos et al., 2012). To locate the exact position of

the seepage sites at the time of investigation the area was surveyed with a temperature

and conductivity sensor. Conductivity measurements at approx. 10 cm sediment depth

allowed to identify spots of high SGD impact where low salinity water escaped from the

seafloor. These areas are referred to as ”seep” sites while ”reference” site designates the

deployment sites in the surrounding area of low SGD impact (Fig. 5.3). The substrate

of the study area is permeable medium sand. Mean grain size (d) and permeability (k)

at the sites with strong SGD impact were reported to be slightly higher than at low

impact areas with mean grain sizes of 388 and 314 μm and corresponding permeabilities

of 1.95x10−11 m2 and 2.32x10−11 m2, respectively (Kotwicki et al., 2013). The sediments

have a low organic matter content, with 0.15% of total organic carbon (TOC) in the

top 2 cm of sediments at sites of high SGD (0.14 % averaged for the top 20 cm) and

0.17% at a non-impacted site (0.11% integrated on 20 cm) (Böttcher et al., unpublished

data). Seep and reference site were sampled with a pore water lance (similar to the

one described by Beck et al., 2007a) to determine vertical profiles of the pore water

composition at 5 depth intervals up to 20 cm bsf (cm below surface). Pore water lances

were inserted and left for at least 24 h to equilibrate before pore water sampling (25

mL).
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5.2.2 In situ incubations

Six cylindrical benthic chambers were deployed for 21 hours each at the seep and ref-

erence site to investigate solute exchange of oxygen, dissolved inorganic carbon (DIC),

sulfate and dissolved Manganese (Mn2+) and Iron (Fe2+). The 35 cm long acrylic cham-

bers (ID = 18 cm) were provided with seepage bags to allow for SGD and to determine

seepage rates. They were gently inserted into the sediment to a depth of 20 cm, enclos-

ing approximately 0.026 m2 of sediment with 15 cm of overlying water. Mixing of the

overlying water was maintained by rotating acrylic stirrer discs (10 cm diameter). The

volume of the overlying water was determined based on the dilution of Br- solution that

was added prior to the start of the deployments according to the method described by

Jahnke and Christiansen (1989). Two stirring modes were applied to compare seepage

rates, and investigate whether the presence/absence of advective pore water exchange

had an influence on seepage rates and biogeochemical processes in the enclosed sedi-

ments. In three chambers advective pore water exchange was maintained by stirring

continuously at 40 rpm (”advective mode”). For the other three flux chambers, the

stirring speed of the disk was set to a ”non-advective mode” to ensure mixing without

creating a significant pressure gradient (20 rpm, reversing rotational direction every 15

s). Relationships between stirring speed, stirrer disk to sediment distance and pressure

gradient within the chamber have been characterized (Janssen et al., 2005). A 40 rpm

stirring rate corresponds to a pressure gradient of approx. 2.5 Pa between the center

and the rim of the flux chamber, which is in the range of pressure gradients that develop

under moderate unidirectional flow over topographical features with heights in the cm

range (Huettel et al., 1996; Janssen et al., 2012). To collect the groundwater seeping

from the enclosed sediment patch into the overlying water polyethylene bags of 2 L vol-

ume were connected to the overlying water in the chambers by means of a 10 cm long

PVC (Tygon R©) tube (ID = 13 mm) attached to the wall of the chambers directly above

the sediment surface. The bags were filled with 200 mL ultrapure water to ease filling

and protected from ambient hydrodynamics by means of individual spacy plastic boxes.

The boxes were provided with holes to allow for water displacement while the bags in-

flated and kept in place by ballast weights. The bags were replaced in the early morning

after the first half of the deployment (after approx. 10 h), to allow for two separate

seepage volume measurements covering the night and day, respectively. The collected

water volumes were transferred into areal seepage rates. Dissolved oxygen inside the

chambers was monitored continuously using fiber-optic oxygen microsensors that were

inserted into the chamber lids (for the measuring principle, see Klimant et al., 1995,

further setup and sensor characterization can be found in Janssen et al., 2005). Water

samples of 50 or 100 mL were withdrawn from the overlying water of the flux chambers

every 4 h through a stopcock, while a second opening in the lid allowed replacement of
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the sample volume with ambient bottom water. Incubated water samples were filtered

through 0.45 μm filters (except for samples dedicated to Winkler titration), stored and

analyzed as described in ”water sample analysis” section. Solute fluxes were calculated

from the slope of linear regressions of solute concentration time series for dark and light

periods. For the oxygen sensor readings these correspond to 21:30-3:00 and 7:00-14:00,

while for samples to 21:00-5:00 and 9:00-17:00.

5.2.3 Mixing calculations

”Theoretical dilution lines” (TDL), i.e., the expected temporal changes in concentration

(i.e., dilution / accumulation) of the different solutes in the chamber water were com-

puted. The calculations were based on (1) the initial concentration of the target solute

in the chamber water and the chamber water volume, (2) the groundwater endmember

concentration (i.e., concentration in pore water samples extrapolated from concentration

gradient as a function of conservative elements), and (3) the seepage rates (calculated

from the bag content). The chosen approach assumed that (1) the chamber water was

always fully mixed and (2) no mixing took place between the bag and the chamber,

(3) that transport properties (advective mixing and diffusive transport) in the enclosed

sediment were equal to conditions prior to chamber placement, and (4) that the solutes

behaved conservatively in the surface sediment as well as in the overlying water (i.e., no

conversions, ad-/desorption, precipitation, dissolution). To verify the reliability of the

obtained seepage rates and to assess the feasibility of the calculation and the assump-

tions for a prediction of the seepage effect on chamber water properties the TDL of a

conservative element (Cl-) was compared to the trend-line of concentrations measured

in the samples taken during the incubation.

5.2.4 Prediction of conservative solute behavior based on salinity

To investigate the conservative or non-conservative behavior of the different solutes,

changes in concentration with sediment depth (in pore water vertical gradients) and

time (in chamber water time series) were compared to salinity as a conservative prop-

erty. ”Mixing curves” were constructed from predicted pore water concentrations of a

target solute in the pore water (Cmix) that were calculated assuming simple mixing of

groundwater and seawater (as in Fry, 2002):

Cmix = fCg + (1− f)Cs (5.1)

where C denotes concentration of the target solute, the subscript g and s indicate ground-

water and seawater, and f denotes the fraction of freshwater in each sample calculated
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from the measured salinity S and the overlying water salinity Ss (i.e., Ss = 7):

f =
(Ss − S)

Ss
(5.2)

5.2.5 Water sample analysis

Samples for oxygen measurements (V 10 mL) were fixed immediately in gas tight vials

(Exetainer R©, Labco, Lampeter, Ceredigion, UK) by addition of Winkler (I) and (II)

reagents. Oxygen determination took place the same day in duplicates (5mL aliquots)

following the standard Winkler titration procedure (Grasshoff, 1983). DIC samples were

taken in the field as described byWinde et al. (2013) and preserved with saturated HgCl2

solution; DIC concentrations were quantified in the laboratory integrating the mass 44

signal on a Thermo Finnigan MAT 253 gas mass spectrometer. Results for samples were

compared to artificial aqueous NaHCO3 solutions. Samples for sulfate were fixed with

5% zinc acetate solution and stored at 4C. Sulfate concentrations were measured as total

dissolved sulfur by means of ICP-OES (Thermo iCAP 6300 Duo). Samples for major

and trace elements were filtered through 0.45 μm disposable filters and stored at 4C in

PE vials. The main and trace elements were measured by ICP-OES (Thermo Fisher

Scientific iCAP 6300 Duo) on acidified (nitric acid) samples. The accuracy and precision

was routinely checked with the international CASS-4 reference standard (Kowalski et

al., 2009; Winde et al., 2013). Salinity was calculated from Na+ concentrations using

standard seawater ion concentrations at 35 psu taken from Bruland (1983).

5.3 Results

5.3.1 Water column parameters and SGD spatial patterns

The average steady flow as recorded by the recording current meter during the chamber

deployments were slow with an average current speed of 2 cm s−1 and mainly directed

parallel to the shoreline (southeast-northwest) (Fig. 5.2). Previous studies (Cook et

al., 2007a) conducted at the same site at similar average steady flow (1.84 ± 1.05 cm

s−1) identified oscillating wave-driven currents with an average speed of 3.16 ±1.95 cm

s -1 that were directed perpendicular to the shoreline, as the main flow component.

The salinity was low (7 psu), reflecting the brackish nature of the Baltic Sea under

impact of fresh waters. Dissolved oxygen concentrations were close to saturation with

concentrations of 270-320 μmol L−1and temperatures ranged between 18 during the

night and 20 C at daytime (Fig. 5.2). Based on the conductivity survey well defined

SGD areas could be identified. Based on the obtained high resolution map (approx. 1 m
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resolution) a major Seepage site as well as a reference site (indicated in Fig. 5.3 as site

A and B, respectively) were selected for pore water sampling and chamber deployments.

5.3.2 Pore water profiles and groundwater composition

Pore water gradients obtained at the seepage and the reference site are compared in Fig.

5.4. The geochemical analyses identify the deep pore water (18 cm b.s.f.) at the seep site

as anoxic fresh groundwater. Compared to the overlying water and the reference-site

pore waters at the same depth the seep site groundwater was enriched in DIC, Mn2+,

PO3−
4 and depleted in Ca2+ and SO2−

4 (Fig. 5.4). According to measurements of seep-

site pore waters sampled during this and previous campaigns the groundwater further

contains dissolved methane (Kotwicki et al., 2013; Böttcher and Gehre, unpublished

data) and temporarily dissolved (Böttcher et al., unpublished data). At the reference

site, the salinity in the pore waters did not show any freshening with depth but was

constant throughout the upper sediment column and in equilibrium with the overlying

water. The same is largely true for Mn2+ and Ca2+ while concentrations of PO3−
4 and

DIC increase with depth. Fe2+ concentrations show a prominent subsurface concen-

tration maximum at 5 cm b.s.f and is the only of the investigated solutes for which

concentrations at depth are similar at the seep and the reference site. For all other so-

lutes including conservative constituents (i.e., salinity), strong gradients existed at the

seepage site, indicating the presence of upward migrating freshwater that is mixed with

the overlying brackish water.

Recent studies in the summer season at this site reported similar sediment pore water

salinity profiles (Kotwicki et al., 2013) implying that seepage-impacted geochemical con-

ditions in surface sediments are commonly found in shallow water off Hel beach. For

practical purposes, during this study, pore water samples characterized by salinity (S)

<0.5 were attributed to essentially endmember groundwater, while those characterized

by salinity S = 7, to the brackish seawater endmember.

5.3.3 Seepage rates

The volume of water collected in the bags attached to the 6 benthic chambers deployed

at seep site, corresponded to discharge rates of 87 ± 16 L m−2d−1 for the 3 ”advective”

chambers that were stirred in ”advective mode” at 40 rpm to exert a pressure on the

sediment and to promote advective pore water exchange. Largely similar discharge rates

of 83 ± 16 L m−2d−1 were also found for the other 3 ”diffusive” chambers that were

stirred in ”non-advective mode” and where pore water exchange apart from seepage was

restricted to diffusion. A minute groundwater seepage was also observed at the reference
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site with rates of 8±4 and 9±3 L m−2 d−1 for the ”advective” and ”diffusive” chambers,

respectively. The agreement between the rates determined at ”advective” and ”non-

advective” stirring indicates that the pressure gradient did not affect the groundwater

outflow (Fig. 5.5). Results for solutes time series and benthic fluxes will be shown only

for the ”advective” chambers, as this stirring mode is assumed to adequately reproduce

conditions of pore water transport in shallow water permeable sands (Janssen et al.,

2005; Cook et al., 2007a).

5.3.4 Flux chamber time series

Chloride fluxes seep and reference site: A comparison between the theoretical dilution

line (TDL) and the measured temporal evolution of chloride in the chamber water time

series gives an indication of the reliability of the obtained seepage rates and the feasibil-

ity of the approach to predict the effect of seepage on chamber water properties. In case

of the reference site there was an excellent agreement between seepage-based predictions

and Cl- measurements with the TDL falling within the standard deviation of the mea-

sured concentrations (Fig. 5.6-B). Chloride was hence only slightly decreasing over the

time course of the deployment, confirming the absence of relevant SGD at this site. Also

in case of the seep site the TDL was in fairly good agreement to the measurements.

However, predicted concentrations show a slight tendency to underestimate the true

dilution (equal to 8% of the initial Cl concentration in the end of the deployment after

20 hours; Fig. 5.6-A). The fact that the TDL lies outside the standard deviation of the

measurements indicates that the plastic bags did not collect all seeping water leading

to an underestimation of the true seepage rates or that the model and assumptions the

TDL calculation was based upon did not cover all processes involved. The uncertainty

has to be kept in mind when assessing the time series of the other solutes investigated.

Solute fluxes seep site: The temporal evolution of dissolved oxygen concentrations in

the chamber water shows a clear temporal pattern with a shift at around 6:30 (i.e.,

1 h after sunrise) from consumption at night-time to production during the day (Fig.

5.6-C). The obvious disagreement between optode measurements and TDL implies that

the effect that oxygen consumption and production exert on chamber water oxygena-

tion outweighs the effect of seeping anoxic waters. The abrupt rise in optode readings

by approx. 100 μmol L−1at around 9:00 is clearly an artifact that may be related to

accidental mechanical disturbance of the optode electronics during chamber water sam-

pling. This is confirmed by measurements on water samples (red circles in Fig. 5.6-C

and D) that show that oxygen concentration at the end of the incubations was in fact

approx. 100 μmol L−1lower than the optode measurements. As the rates of increase

in optode readings were largely similar before and after the increase it is assumed that
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the shift in sensor signal did not compromise the measured oxygen trend. Hence both

the time before and after the shift were included for the comparison of rates between

day and night and between seep and reference site (below). Differently from oxygen,

measured DIC and SO2−
4 concentrations plot close to the TDL (Fig. 5.6-E and G). This

”quasi conservative behavior” indicates that seepage of DIC-enriched and SO2−
4 depleted

groundwater dominated the temporal evolution of DIC and SO2−
4 concentrations in the

chamber water. For more detailed biogeochemical analyses of trends in inorganic carbon

and sulfate concentrations it has to be noted, however, that any changes are potentially

obscured by the high initial concentrations of DIC and SO2−
4 exceeding, for example,

initial oxygen concentrations by a factor of 5 and 10, respectively. While concentra-

tions of reduced Iron were already low (approx. 1 μmol L−1) in the groundwater initial

Fe2+ concentrations in the chamber water were close to detection limit (0.07 μmol L−1)

and remained at that low level throughout the chamber incubation (Fig. 5.6-I). As for

Fe2+, Mn2+ concentrations in the chamber water were low and stayed fairly constant

throughout the chamber incubation (approx. 0.2 μmol L−1). However, as the pore

water at depth was clearly enriched in reduced Mn2+ (5.4 μmol L−1) as compared to

bottom water, the TDL suggested an increase in Mn2+ concentration to approx. 2 μmol

L−1after 20 hours (Fig. 5.6-K). The strong discrepancy to measurements implies that

Mn2+ removal by oxidation and precipitation were even more efficient as in case of Fe2+.

Groundwater PO3−
4 exceeded bottom water concentrations by two orders of magnitude

(60 and 0.6 μmol L−1, respectively). Consequently, the PO3−
4 concentrations substan-

tially increased over the incubation period (to approx. 12 μmol L−1after 20 h) although

not to the degree expected from SGD rates and predicted by the TDL (approx. 20 μmol

L−1; Fig. 5.6-M). Hence processes other than mixing have to be involved that led to the

observed non-conservative behavior of phosphate.

Solute fluxes reference site: Similar to the temporal pattern at the seep site oxygen

concentrations depicted consumption during dark hours and production during the day

(Fig. 5.6-D). Oxygen measurements in the replicate chambers strongly differed at the

reference site, especially in the second half of the deployment, indicating pronounced

patchiness in oxygen production or a bias calibration towards oxygen super-saturation

in part of the optodes. A comparison with discrete oxygen measurements (red circles

with error bars in Fig. 5.6-D) suggests that the average optode reading led to a slight

overestimation of the oxygen concentration. DIC measurements did not produce con-

sistent results at reference site, only three time points were available, that have a high

standard deviation (0.9 ± 0.4 mmol L−1; Fig. 5.6-F). In contrast to the strong decrease

in concentrations observed at the seep site, sulfate at the reference site remained al-

most constant at approx. 5 mmol L−1throughout the deployment (Fig. 5.6-H). This,

however, largely agrees to the TDL that predicts only little dilution of the initial concen-

trations due to the low seepage rates at the reference site. Hence the behavior of sulfate
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concentrations can again be considered ”quasi conservative”. Fe2+ and Mn2+ showed

concentrations similar to the seep site and also changed only little with time (Figs. 6-J

and L). Compared to conditions at the seep sites this again largely agrees with expecta-

tions based on the almost horizontal TDL. Similarly to iron and manganese, phosphate

concentrations were in good agreement with the TDL and showed only a small increase

over the time course of the deployment. Consequently, final concentrations were much

lower than those measured at the seep site (2 and 10 μmol L−1respectively).

5.3.5 Pore water and chamber water mixing

Figure 5.7 provides mixing plots that show chamber water time series and pore water

profiles of DIC, SO2−
4 , Fe2+, Mn2+, and PO3−

4 relative to salinity for both seep and

reference site. In this plot changes in solute concentration that cannot be explained by

simple mixing between the two endmembers (i.e., bottom water and pore water at 18

cm b.s.f.) due to biological and chemical conversions (uptake, release, redox processes,

changes in solubility and sorption) appear as excursions from the straight ”mixing line”

(dotted line in Fig. 5.7). Oxygen is left out as the non-conservative behavior is obvious

already in Fig. 5.6. Plotting chamber water time series measurements of DIC and SO2−
4

obtained at the seep site versus salinity confirms that their concentrations in the chamber

water were largely governed by conservative mixing with seeping groundwater (Figs. 7-

A and C). This is in agreement with pore water profiles that also showed a largely

conservative behavior and plot closely to the mixing line. Only at salinities of around 1

psu (corresponding to a sediment depth of 10 cm) concentrations diverged considerably

from the conservative mixing found in the upper layers. Chamber water concentrations

of Fe2+, Mn2+ and PO3−
4 at the seep site plot well below the mixing line (Figs. 7-E,G and

I). This indicates that chamber waters showed a relative depletion of these constituents

that obviously - at least in part - are removed from the seeping groundwaters by e.g.,

uptake, precipitation, or sorption and are not transferred to bottom waters. Deviations

of Fe2+ and Mn2+ pore water concentrations from the conservative mixing line (Figs.

7-E and G) demonstrate that these elements undergo release and removal processes

at salinities of 0-6, i.e., at sediment depths between 5-18 cm. As expected from the

missing pore water salinity gradient and the constant Cl- concentration in the chamber

deployments at the reference site, none of the solutes depicted a trend relative to salinity

(right panels in Fig. 5.7). As temporal changes and depth gradients at the reference

site were generally small most concentrations plot in a small region. In agreement with

Fig. 5.4, only pore water Fe2+ showed a wide range of concentrations that even exceeds

the range of concentrations found at the seep site (Fig. 5.7-F).
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5.3.6 Benthic oxygen and DIC fluxes

To investigate the contribution of aerobic respiration to organic matter (OM) mineraliza-

tion as well as rates of benthic primary production, O2 and DIC fluxes were determined

from benthic chamber incubations at both seep and reference site. Figure 5.8 shows the

total oxygen uptake (TOU) calculated at seep and reference site separated for night-

and daytime. The net or total fluxes calculated directly from changes in oxygen con-

centrations in the chamber water (green bars in Fig. 5.8) represent all processes of

oxygen removal and release. These include seepage of anoxic groundwater and loss to

supply from the pore space by means of other transport processes (diffusion, advection,

bioirrigation), respiration by aerobic microbes and metazoans, oxidation of reduced com-

pounds (e.g., sulfide, reduced metals) and oxygen production during photosynthesis by

benthic microalgae. The SGD-effect, i.e., the apparent flux due to the replacement of

oxic chamber water with anoxic ground water (red bars in Fig. 5.8) was calculated

directly from the seepage rate and the oxygen concentration and volume of the cham-

ber water or, in other words, corresponds to the slope of the TDL times the height of

chamber water column. The black bars correspond to the SGD-independent fluxes, i.e.,

the difference between the green and the red columns and, hence, represent O2 release

and removal due to biological production and respiration, non-SGD exchange processes,

and the oxidation of reduced compounds.

SGD-independent O2 uptake rates at night-time (upper panel of Fig. 5.8) were similar

for both sites ( 40 ± 15 and 42 ± 9 mmol m−2d−1 for the seep and reference site, re-

spectively). Similarly, the SGD-independent O2 production at daytime (lower panel of

Fig. 5.8) at the seep site (146 ± 9 mmol m−2d−1) compared well with values obtained

at the reference site (168 ± 32 mmol m−2d−1). As a consequence, net community pro-

duction (NCP; i.e., the rate of carbon fixation by oxygenic photosynthesis), estimated

by subtracting O2 consumption in the dark from production during daytime was in the

same range for both sites (106 ± 17 and 126 ± 33 mmol C m-2 at the seep and reference

site, respectively).

DIC fluxes at the seep site were analyzed in the same way as O2 fluxes in order to sepa-

rate SGD-related fluxes and fluxes induced by seepage independent processes (reference

site DIC data were left out from the analysis due to their poor quality; see above). As

expected from the close match between the TDL and the DIC concentration measured

along the time course of the incubation at the seep site (Fig. 5.6) most of the DIC flux

could be attributed to seepage of DIC rich waters by SGD. Consequently, the SGD-

independent DIC flux contribution at nighttime (black bar in the upper panel of Fig.

5.9) represented a small fraction of the total flux (98 ± 22 mmol m−2d−1). Still, rates

of DIC release during the night exceed those of oxygen uptake by approx. a factor of 2.

Although hardly discernible in Fig. 5.6-E, the net DIC flux at daytime was reduced to
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a value below the SGD-related DIC flux due to seepage of DIC-rich groundwater (206

± 70 and 281 ± 30 mmol m−2d−1, respectively). This resulted in a negative value for

the SGD-independent contribution of -75 ± 77 mmol m−2d−1 (i.e., a DIC flux from the

water column to the sediment; black bar in the lower panel of Fig. 5.9). As during the

night, SDG-independent DIC and O2 flux at daytime are imbalanced with rates of DIC

uptake being 25% lower compared to rates of oxygen release.

5.4 Discussion

5.4.1 Seepage rates

Collecting the water flowing from an enclosed sediment area of known size over a specific

period of time is the only direct method available to evaluate rates and composition of

SGD (Taniguchi et al., 2006).

Seepage meters used for this purpose can be designed in several ways as long as the

flow from the sediment to the bag that collects the seeping water is not constrained,

e.g., by too narrow tubing. Due to the pronounced spatial and temporal variability

of SGD, replicate measurements are highly recommended (Fellows and Brezonik, 1980;

Shaw and Prepas, 1990; Belanger and Montgomery, 1992; Libelo and MacIntyre, 1994).

The stirred benthic chambers used in this study combined established seepage meter

methodology with characteristics of sediment incubation chambers as they are typically

used for studies of sediment processes and solute exchange across the sediment water

interface (e.g. Tengberg et al., 1995, 2005). In comparison to standard seepage meters

the chambers used in this study enclose a larger volume of overlying water. This helps

to keep the settings for diffusive and advective transport in the chamber close to natural

conditions by reducing changes in chemical composition of the overlying water due to

solute exchange and by allowing for defined stirrer-induced flow conditions. Combining

stirred benthic chambers with seepage meter functionality allowed to (1) investigate

sediment processes and fluxes in seepage areas without blocking SGD and (2) compare

sites with and without SGD using the same methodology. To our knowledge this study

represents the first application of this combined method for this purpose.

Lee-type seepage-meters (Cable et al., 2008) were deployed in 2009 - 2010 and resulted

in seepage rate estimates in the range of 50 to 150 L m−2d−1 for Hel Bight in summer /

autumn (Kotwiki et al., 2013). These seepage rates are similar to those measured during

this study (85±16 L m−2d−1) indicating that seepage is a stable and long-standing

feature of this site. Upscaling these rates to area of the entire Puck Bay (520 km2)

results in seepage rates of approx. 0.1 - 0.3 km3 y−1 which is several times higher than

what previously estimated based on an hydrogeologic method for the Puck Bay (0.03
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km3 y−1, Piekarek-Jankowska, 1994). This is probably due to the patchy nature of

the seepage as it was identified by the salinity survey carried out in this and previous

studies (Fig.2, Kotwicki et al., 2013). In addition, SGD is most likely most intense

in shallow sandy areas, while more moderate, diffusive efflux can be expected for the

muddy sediments in the deeper central Bay (Böttcher et al., unpublished data).

However, any seepage estimate that is referring only to discharge of fresh groundwater

will underestimate the true volume of water passing the sediment-water interface as it

does not account for the recirculated seawater component (Younger, 1996; Burnett et al.,

2003). Several studies, including investigations carried out in Hel Bight, demonstrated

that in permeable sands bottom water circulates through the sediment pore space (e.g.

Huettel et al., 2003; Cook et al., 2007a). This advective pore water exchange will add to

the directed seepage and intensify the connection between pore waters and the overlying

water column.

5.4.2 Pore water mixing

In sandy sediments with permeabilities exceeding 10−11 m2 pore water advection may

represent the dominating transport mechanism for solutes across the sediment-water

interface as well as in the sediments (Huettel and Gust, 1992; Huettel et al., 1996;

Hutchinson and Webster, 1998). Pore water advection is typically caused by lateral

pressure gradients that result from the interaction of bottom water flow with bottom

roughness and topographical features at the sediment surface. In coastal areas where

strong hydrodynamic regimes meet high permeabilities the resulting pore water advec-

tions results in rates of solutes transport that may exceed molecular diffusivion by up

to three orders of magnitude (Huettel and Gust, 1992; Huettel and Webster 2001; Ret

al., 2002; Janhke et al., 2003).

As driving forces of pore water advection origin at the sediment surface, mixing is

strongest at the sediment-water interface and decreases with increasing sediment depth.

Analyzing oxygen distributions in freshly retrieved sandy sediment cores from the North

Sea Lohse et al. (1996) could show that mixing coefficients close to the surface were

high, resulting in oxygen penetration depths of up to 50 mm. Deeper in the sediment

mixing intensity dropped resulting in a sharp decline in oxygen concentration. Ex-

perimental studies on oxygenation of permeable sediments confirmed these findings and

demonstrated that the oxygen distribution in these sediments is directly connected to to-

pographical features at the sediment-water interface and that oxygen penetration depth

increases as a function of bottom water flow velocity (Booij et al., 1991; Forster et al.

1992; Ziebis et al., 1996; Precht et al., 2004).

Deep oxygen penetration, ranging between 10 and 28 mm with an average of 17 mm in
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summers was also observed in Hel bight sediments and attributed to pore water advec-

tion (Cook et al., 2007a). Later studies of bottom fauna confirmed that a significant

contribution of bioirrigation by large pumping macrofauna can be excluded (Kotwicki

et al. 2013).

In case of oxygen, vertical distribution patterns are determined by the interplay of rates

of advective supply from the bottom water with consumption rates in the sediments. In

SGD impacted sites similar characteristics can be expected also for conservative solutes.

In this case distributions would be determined by rates of pore water advection, seepage

rates, and the difference in concentration between ground and bottom water (i.e., the

two endmembers). Assuming constant seepage rates and groundwater composition, the

salinity distribution observed at the seep site indicates that mixing intensity decreases

with depth (Fig. 5.4). From the sediment water interface to a sediment depth of approx.

7 cm intense advective transport keeps salinities close to seawater values (5-7 psu). The

strong gradient in salinities observed between 7 and 10 cm sediment depth imply that

rates of advective exchange between the pore water and the overlying water drops at

this distance to the sediment surface. At sediment depths between 10-18 cm exchange

with bottom waters hardly affected pore water composition and salinities were close

to freshwater (<1 psu). Hence, at these depths the upward migration of groundwater

clearly outcompetes vertical mixing. The vertical sequence of mixing conditions thus

determines the two-layer structure encountered in pore water profiles (Fig. 5.4). Com-

paring the vertical distributions of the different solutes to the distribution of salinity

as a conservative tracer already reveals strong differences in solute behavior. When

pore water solutes are plotted relative to salinity that shows a simple two-endmember

mixing between seawater and fresh groundwater to types of characteristics can be distin-

guished. While SO2−
4 and DIC exhibited quasi-conservative mixing (Fig. 5.7-A and C),

Fe2+, Mn2+ and PO3−
4 were characterized by non-conservative behavior with significant

depletion at low salinities, i.e., at low sediment depths (Fig. 5.7-E, G and I).

5.4.3 Redox controlled solubility of porewater constituents with non-

conservative behavior: Mn2+, Fe2+ and PO3−
4

Pore water distributions of Mn2+, Fe2+ and PO3−
4 show pronounced similarities. All

three solutes show slightly elevated concentrations deep in the sediment while they are

virtually absent in the bottom water. Especially Fe2+ but to a lesser extent also Mn2+

and PO3−
4 show positive excursions from the conservative mixing line at sediment depths

between 5 and 10 cm and reach concentrations in excess of the groundwater endmember.

In addition to the input by pore waters this indicates a source for Mn2+, Fe2+ and PO3−
4

at depth and a sink close to the surface. Advective transport of dissolved manganese
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and iron and removal in the surface layer of sands has been shown in flume experiments

(Huettel et al., 1998). Mn2+ and Fe2+ were transported upwards from deeper sediment

layers where they accumulated under reduced conditions. Upon contact with oxygen in

the upper sediment they precipitated and formed a layer at the interface between re-

duced and oxygenated sediments. A combination of a manganese and iron release under

reducing conditions at depth and precipitation at oxygenated conditions close to the

surface would also explain the distributions observed in this study - although at least in

case of Mn2+ the groundwater would act as an additional source of its dissolved form.

Processes involved in iron and manganese redox reactions and dissolution/precipitation

are well known. The conversion of solid Mn4+ and Fe3+ into their reduced, soluble

form may be microbially mediated as both are used as electron acceptors for microbial

organic matter degradation once O2 and NO−3 are depleted. In other cases both iron

and manganese may interact and be reduced abiotically by reduced species (e.g., H2S)

(Thamdrup et al., 1994; Böttcher et al., 2000). Manganese precipitation in the oxic

surface layer of marine sediments typically takes place as manganese oxyhydroxides that

occur in the form of amorphous materials and coatings on particles, often in close associ-

ation with iron oxides (Burdige, 1993). Other than iron and manganese, phosphate does

not change its oxidation state and does not precipitate under oxic conditions but can be

taken up by organisms and hence removed from the dissolved phase. Uptake by organism

at the sediment surface, e.g., by microphytobenthos could contribute to the depletion of

phosphate observed in the chamber water. Non-conservative behavior in the sediment,

i.e., release at depth and removal close to the surface are most likely associated with the

Iron redox cycle. In surface sediments phosphate removal can take place via adsorption

onto Fe-hydroxides. Charette and Sholkovitz (2002) and Charette et al. (2005) report

scavenging of phosphates onto amorphous Fe-hydroxides that precipitate as fresh Fe-rich

groundwater mixes with saline water. A similar sorption process or co-precipitation with

Fe-hydroxides would explain the rapid pore water depletion in PO3−
4 above salinities of

2̃ psu (from 60 to 0.8 μmol L−1). In deeper sediment layers, under reducing conditions,

PO3−
4 and Fe2+ accumulation shows similar patterns (Fig. 5.7-E and I) indicating that

PO3−
4 accumulation is derived from reduction of Fe-oxides and release of associated P at

depth in the sediment. This recycling of Fe and P in the sediment is well described for

other near coastal and offshore marine systems (Sundby et al., 1992; Slomp et al., 1996;

Anschutz et al. 1998). It has to be stated, however, that dissolved iron concentrations in

the deep pore water are relatively low as compared to levels reported in anoxic ground-

waters (Charette and Sholkovitz, 2006). This may indicate a relatively little relevance

of iron cycling at these site with iron oxide concentrations that are below a level where

a significant contribution of bacterial heterotrophic metal oxide reduction is expected

(Thamdrup and Canefield, 2000). This may indicate that abiotic processes dominate

iron cycling in Hel sediments. In case of manganese, relatively high concentrations (5.4
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μmol L−1) were found in the groundwater endmember and SGD clearly had a major

impact on the Mn cycle with implications for geochemical gradients at the seep site

(Fig. 5.4). The distribution of dissolved Mn suggests that the upward transport by

SGD lead to the formation of a boundary between Mn2+ and Mn4+ between 5-10 cm

depth. Above this horizon, contact to oxygenated water supplied to the sediment by

advection may have promoted the precipitation process. Based on recent observations,

formation of trivalent Mn(III) can not be ruled out, but will depend on the availability

of compelxing lignads to stabilize this metastable species (Madison et al., 2013).

Irrespective of the biological or chemical processes dominating the iron, manganese and

phosphorous cycle at the seep site, the deviations from the conservative mixing line in

Mn2+, Fe2+ and PO3−
4 indicate a net upward transfer of dissolved species which is not

accounted for by solutes supplied by SGD. Assuming steady state this loss towards the

upper sediment layers has to be compensated. Typically, downward transfer of particles

by bioturbating fauna closes the loop. However, as previous studies indicate low abun-

dances of large macrofauna (Kotwicki et al., 2013) physical redistribution of the upper

sediment column at rough hydrodynamic conditions may be a more likely candidate.

Such a replenishment of particulate / particle bound iron, manganese, and phosphate

may regularly take place. Given that the main reduction / dissolution takes place at

approx. 10 cm sediment depth it may well be that the cycle is largely closed by a ”reset”

of the system during the stormy season.

The accumulation or removal of groundwater constituents along the groundwater flow-

path is vastly important in the interpretation of the ecological impact of SGD (Johannes,

1980; D’Elia et al., 1981; Valiela et al., 1990), and direct measurements such as the ones

carried out in this study seem to be the most trustworthy approach. If possible con-

versions in the sediments are not included in the budgets, the calculation of chemical

fluxes using samples from the most inland wells may result in false estimations of the

true chemical flux.

5.4.4 Benthic oxygen consumption and net community production

In shallow coastal sediments benthic fluxes of oxygen are governed by decomposition

of organic matter by aerobic microorganisms, oxidation of reduced products (e.g., Cai

and Sayles, 1996; De Beer et al., 2005), benthic primary production (e.g., Jahnke et

al. 2000), and fauna-related O2 uptake. Apart from respiration, the main contribution

of fauna to oxygen uptake takes place via bioirrigation and bioturbation (e.g. Forster

and Graf, 1995; Hansen and Kristensen 1997; Glud et al. 2000b, 2003; Vopel et al.,

2003) as the redistribution of solids and solutes stimulates aerobic microbial activity

and chemical oxidation (e.g. Glud, 2008). As bioirrigation has been reported to be of
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minor importance in Hel bight sediments (Kotwicki et al. 2013) it can be assumed, that

pore water advection and molecular diffusion represent the main transport mechanisms

and that most oxygen consumption takes place via aerobic microbial respiration and

oxidation of reduced compounds unrelated to fauna. Due to the seepage measurements

carried out in this study the effect of anoxic groundwater that seeps from the sediments

and mixes with the overlying water can be quantified and subtracted in order to compare

benthic oxygen consumption related to processes taking place in surface sediments of

the two sites (black bars in Fig. 5.8, ”SGD independent flux”).

The SGD independent oxygen uptake at the seep site during the night compares well

with rates measured at the reference site (-40 ±15 and -42±9 mmol m−2d−1 respec-

tively) indicating that the seepage of groundwater did not change the overall activity

of the benthic community. At the seep site, some of the oxygen consumption may be

attributed to the re-oxidation of reduced compounds supplied by SGD. If reduced Mn2+

and Fe2+ contained in the groundwater (5.4 and 1 μmol L−1, respectively) were entirely

oxidized by O2, the TOU fraction associated to this process - a few μmol O2 L−1- would

however be negligible compared to consumptions measured in the chamber incubations

(in the order of 100 μmol O2 L−1).

Oxygen consumption rates measured in this study agree well with O2 fluxes measured

in other coastal sediments (e.g. Callendar and Hammond 1982; Knoppers et al., 1996;

Marinelli et al., 1998; De Beer et al., 2005). Using similar benthic chambers at 40 rpm

stirring rate in Hel bight sediments not affected by SGD Cook et al. (2007a) reported a

lower TOU (-16 mmol m−2d−1). The difference may be attributed to lower water tem-

peratures as measurements of Cook and coworkers were carried out in spring and not in

late summer like the measurement of this study. Besides, organic carbon content of the

top sediment layer was 3 times higher at the time of our study, maybe due to the longer

period available for benthic primary production (0.15 % in the top 2 cm compared to

0.05 % in the top cm reported by Cook et al., 2007a). It can thus be hypothesized that

the higher oxygen uptake observed in the present study is a consequence of a higher

organic carbon availability that fuelled higher rates of microbial respiration.

Similar to respiration rates, net community production (NCP) calculated from SGD

independent oxygen fluxes during the day were in the same range for seep and refer-

ence site (106 ± 17 and 126 ± 33 mmol C m−2d−1 respectively). These values are in

the upper range of annual averages reported for sandy and muddy sediments (e.g. 70

- 90 mmol C m−2d−1 respectively; Barranguet, 1998), and in the same range as rates

reported from chamber experiments carried out by Rasheed et al. (2004) on permeable

carbonate sands (98.0±40.7 mmol C m−2d−1). Comparing rates of aerobic respiration

and oxygen consumption and considering the length of the day, both seep and reference

site were clearly net autotrophic at the time of this study. This is already obvious from

the overall increase in oxygen concentration during the almost complete day-night cycle
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covered by the chamber incubations (Fig. 5.6C, D).

The fact that NCP was similar for the seepage and reference site is puzzling because of

elevated concentrations of PO3−
4 as well as SiO32− (data not shown) in the groundwa-

ter endmember. While some phosphorous probably got trapped in the oxidized upper

sediments (see above) part of nutrients from the ground waters were most likely still

available to the microphytobenthos. This is also indicated by the phosphate release

from the sediments as observed in chamber water time series (Fig. 5.6M). Similar rates

of oxygen release, however, contradict enhanced productivity at the seep site and in-

dicate that microphytobenthos (MPB) in Hel bight is not nutrient limited. This is in

agreement with observations for other coastal areas (e.g. Barranguet et al., 1998; Sero-

dio and Catarino 2000, Migne et al. 2004). In a recent study carried out by Rao and

Charette (2012), stirred benthic chambers (40 rpm, as for this study) were used to es-

timate TOU and nitrogen fluxes in sands in shallow waters of a semi enclosed estuary

impacted by discharge of nutrient rich suboxic brackish water. Without collecting the

seepage water, as in our case, pressure equalization was allowed through a capillary tube

open to the surrounding bay water. Despite the load of nutrients supplied by the SGD,

benthic photosynthesis (50 - 70 mmol C m−2d−1 in May and June) turned out to be

mostly controlled by light availability. Light limitation of MPB productivity was also

shown by other studies (e.g., Berg and Huettel 2008; Jahnke and Jahnke, 2008).

While NCP rates were similar at both sites it still seems plausible that, due to differ-

ences in nutrient availability, carbon fixation is channeled into different organic matter

pools. At the seep site higher nutrient levels may facilitate biomass (i.e., particulate

organic matter) production while at the reference site a larger share of the fixed carbon

may have been secreted as extracellular polysaccharides. Direct transfer of carbon as

exudates to the dissolved organic matter pool has been shown to occur, especially under

nutrient limitation (e.g., Cook et al., 2007b) and may comprise up to 73 % of the total

productivity (Goto et al., 2001). The similar respiration rates at the two sites suggest

similar organic carbon remineralization rates. If our hypothesis of different carbon pools

holds true this would indicate that nutrient poor dissolved organic matter is consumed

at similar high rates as the P- and N-rich particulate organic matter. This is supported

by Middelburg et al. (2000) who showed that exudates can be a significant labile carbon

source for heterotrophs grazing on MPB. It could thus be hypothesized that SDG, while

having no impact on rates of carbon fixation and mineralization, affects pathways of

carbon fixation and the trophic structure of the sediment ecosystem. Additional studies

are obviously needed to investigate this in more detail.
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5.4.5 Aerobic and anaerobic sediment respiration

Dissolved inorganic carbon concentrations in coastal shallow sediments and interfacial

fluxes of DIC are caused mainly by uptake of CO2 during photosynthesis and by CO2

release upon remineralization of organic compounds and dissolution of carbonates (e.g.

Glud, 2008). As carbonate dissolution is considered negligible in Hel sediments (Cook

et al., 2007a) the SGD-independent release of DIC at night at the seep site (98 ± 22

mmol m−2d−1) and the concurrent uptake of oxygen (see above) is probably largely rep-

resentative of organic carbon oxidation as it was also shown in other studies (Anderson

et al., 1986; Hulth et al., 1997).

Rates of DIC release measured in this study are in the upper range of rates reported

from sandy sediments in other studies. Organic-poor marine sands, studied by open-top

core incubations, showed rates of 18-40 mmol DIC m−2d−1 (Kristensen and Hansen,

1995), 126-150 mmol DIC m−2d−1 (Holmer, 1996), 35-41 mmol DIC m−2d−1 (Thomsen

and Kristensen, 1997). In lab experiments with Mid Atlantic Bight sands, DIC was

released at rates of up to 147 mmol DIC m−2d−1 (Rusch et al., 2006).

The high rates of this study may be attributed to the summer season where high water

temperatures facilitate high rates or organic matter degradation and where most light is

available for primary productivity and, hence, a high availability of fresh phytodetritus

may be expected.

The ration of O2:DIC fluxes measured at the seep site (0.4) indicates, that aerobic res-

piration did only account for 40% of the DIC being produced. Similar or even lower

rates have been reported in the literature. Canfield et al. (1993a,b) found that in some

temperate coastal sediments, O2 consumption accounted for only 4-17% of total organic

carbon oxidation.

The excess DIC production that is not balanced by oxygen consumption could be ex-

plained if organic matter in sediments is mineralized anaerobically using electron accep-

tors such as NO−3 and SO2−
4 . However, measurements at the reference site indicated

that this process probably contributes only little to total mineralization in Hel bight

sediments (Wenzhöfer and Glud, unpubl. data), in agreement with no nitrate fouind in

the groundwater (Nestler, 2011). Hence, sulfate reduction is the most likely candidate

for anaerobic organic matter degradation at the seep site.

Oxygen penetration was not measured directly in this study.

However, the salinity profiles suggest intense flushing of at least the top 10 cm of the sed-

iment, indicating that oxygen needed for aerobic oxidation of organic matter produced in

the top layer should have been available. This seems to point to a deeper carbon source

that fuelled sulfate reduction and the excess release of DIC. From previous campaigns it

was assessed that groundwater contained methane up to the mM-range (Böttcher, Gehre

Gentz, unpublished data) so that pore-water sulfate could be consumed by anaerobic
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oxidation of methane (AOM; Reeburgh, 1976, Boetius et al., 2000) as an alternative

to the oxidation or organic matter by means of sulfate that is referred to as sulfate

reduction (SR; e.g., Brener, 1980). The stoichiometry of sulfate reduced per carbonate

produced differs between the two processes. An SO2−
4 :DIC ratio of 2 is found in SR

according to the following reaction:

2CH2O+ SO2−
4 → 2HCO3+ H2S

(5.3)

CH4 + SO2−
4 → HCO3 + HS− + H2O

(5.4)

AOM, on the other hand has a SO2−
4 :DIC ratio of 1:

Fig. 5.10 compares deviations from conservative mixing below 6.5 cm sediment depth

for sulfate and DIC (i.e., ΔSO2−
4 and ΔDIC). The ratio of ΔSO2−

4 :ΔDIC = 0.8 indicates

AOM as the major process consuming SO2−
4 in the anoxic sediments at the seep site.

It may hence be suggested that SO2−
4 is primarily used to oxidize groundwater CH4 to

DIC rather than serve as an electron acceptor for organic matter remineralization.

It was shown by other studies how in methane-rich settings, AOM potentially consumes

a significant portion of the interstitial sulfate pool, depleting sulfate more rapidly than

oxidation of organic matter alone (Borowski et al., 1996).

Irrespective of the organic carbon pool being oxidized by sulfate reduction, sulfide would

be produced at a 1:1 stoichiometry. No sulfide measurements have been performed as

part of this study.

Pore water profiles measured in September 2009 in groundwater at the SGD impacted

site showed concentrations of up to 150 μmol L−1(Volger et al., 2010) and reported an

SO2−
4 profile similar to what we have measured (Fig. 5.4).

Even higher sulfide concentrations of up to 480 μmmol L−1are expected from the as-

sessment of ΔSO2−
4 at 10 cm sediment depth (Fig. 5.10).

The sulfide produced in the sediment is obviously not oxidized by oxygen as the terminal

electron acceptor. If this was the case DIC fluxes would have been balanced by oxygen

fluxes and no excess DIC flux would have been found. Besides, oxygen consumption

at night would have been higher at the seep site where methane for AOM was sup-

plied by SGD. Hence, the fate of H2S at the seep site sediments must therefore follow

a different oxidation path. We hypothesize that sulfide was oxidized to sulfur by Fe3+

oxyhydroxides according to the following reaction:

2Fe(III)OOH +H2S → 2Fe2+ + S(0)+2H2O+4OH−

(5.5)
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(e.g. Dos Santos and Stumm, 1992). For the reasons stated above this process was

obviously not balanced by a concurrent (and oxygen-consuming) reoxidation of Fe2+

back to Fe3+ oxyhydroxides:

2Fe2+ + O2 + 2H2O → 2FeOOH + 2H+

(5.6)

Instead we can hypothesize that the pool of Fe3+ oxyhydroxide necessary to oxidize and

scavenge dissolved sulfide in the top sediments that were transported upwards by SGD

was available in the sediment at the time of our study and is continuously replenished

by oxygenated bottom waters penetrating the surface sediments (de beer et al., 2005).

FeS may have been temporarily formed via reactions of Fe(II/III) with the excess of

H2S. This may also explain the low contents of dissolved Fe2+ that was measured (see

Fig. 5.4 and 7E). In times of increased O2 penetration or deep sediment redistribution

at rough hydrodynamic conditions as discussed above, FeS would then be re-oxidized by

oxygen to Fe(III)OOH and sulfate (von Rege, 1999).

For the reference site rates of O2:DIC could not be calculated since we failed to determine

reliable DIC fluxes in this study. An O2:DIC ratio of 1.2 was determined from dark

incubations in spring at sites not impacted by SGD (Cook et al., 2007a). This ratio

suggests that all organic matter at the non-impacted sites was oxidized with O2 as

the terminal electron acceptor. According to Cook and coworkers it may further be

assumed that the sulfur and the iron cycle were of minor importance at the reference

site as in their study SR and Fe reduction accounted for only 2 and 10-20% of the total

mineralization of organic matter, respectively.

5.5 Conclusions

At both the seep and the reference site aerobic oxidation of organic matter represents

the main mineralization pathway and similar rates of total oxygen uptake are observed

for both sites. Anaerobic oxidation by means of SO2−
4 , Mn, and Fe reduction are present

but play a secondary role. The main difference between biogeochemical processes at the

two sites is driven by the supply of CH4 in the groundwater that was quantified by

previous studies at the same site. At the reference site, oxidation of organic matter is

the predominant reaction that controls interstitial sulfate concentrations. At the seep

site where methane is provided by SGD, AOM could be identified as an important

process based on a ratio of 0.8 between SO2−
4 deficiency to excess DIC. The DIC that is

produced by AOM seeps from the sediment at rates that largely exceed oxygen uptake

rates and obviously cannot be explained by aerobic oxidation of organic matter in the
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surface sediments.

The sulfide generated by sulfate reduction associated with AOM most likely reduces

Fe3+ oxides that may trap additional sulfide as FeS. From the excess in DIC relative

to oxygen we can conclude that an oxidized iron pool existed in the sediment that was

large enough to oxidize and trap the sulfide and not quantitatively replenished by the

reoxidation of Fe2+ at the time of our study.

Small amounts of reduced iron and manganese as well as phosphate are provided by the

seeping groundwater. At approx. 10 cm sediment depth additional Fe2+, Mn2+, and

PO3−
4 is supplied - most likely by iron and manganese reduction and release of phosphate

from iron oxides. Before reaching the sediment-water interface the metals are re-oxidized

and most of the phosphate is being bound again or taken up, e.g., by microphytobenthos.

As in the case of the iron oxides needed for sulfide removal, the mechanism replenishing

particulate and oxidized metals as well as associated phosphate in the deeper sediment

layers is unknown. As bioturbation is assumed to be of minor importance in Hel bight

physical sediment redistribution and reoxidation at rough hydrodynamic conditions is

considered most likely.

A moderate efflux of phosphate as well as silicate was observed at the seep site but

was not reflected in elevated rates of net primary productivity. Oxygen production was

similar at both sites and governed by light rather than by nutrient availability. It is

hypothesized that lower nutrient supply at the reference site may favour the release of

exudates by benthic phototrophs while more particulate organic matter may be produced

at the seep site. Similar respiration rates at both sites during night-time, however,

suggest that both carbon sources are utilized by aerobic heterotrophs. Key questions

that need to be addressed in order to better understand the effect of SGD on the function

of sedimentary ecosystems in Hel bight include (1) differences in primary products and

their effect on the trophic structure, (2) seasonal patterns in iron cycling, and (3) the

fate of volatile sulfur produced from sulfides upon the reduction of iron oxides.
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Figures

Figure 5.1: Map of the study site, Hel bight (red square) in southern Baltic Sea,
Poland.
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Figure 5.2: Time series of in situ current speed and direction (top panel), temperature,
salinity, and O2 concentrations (lower panel), measured using a Seaguard RCM data
logging device concomitantly to the deployment of benthic flux chambers (deployment

time marked by dotted lines) at Hel bight (1.5 m depth).
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Figure 5.3: Map of the main seepage areas at Hel bight obtained by high resolution
survey with a temperature and conductivity sensor. Black dots indicate the spots where
conductivity and temperature were measured in situ at 10 cm b.s.f. The areas in blue
indicate sites of major groundwater discharge (the 20 m length is referred to the vertical

line of the cross).
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Figure 5.4: Porewater distribution of salinity, SO2−
4 , Fe2+, Mn2+ ,PO3−

4 ,Ca2+ and
DIC until 18 cm below the seafloor, at the site impacted by SGD (seep site, black

circles) and site non impacted by SGD (reference, red crosses).
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Figure 5.5: Seepage rates at seep and reference site estimated from benthic chambers
with advective stirring (red bar) and non-advective (diffusive) stirring (black bar).
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Figure 5.6: Time series for Cl−, O2, DIC, SO2−
4 , Fe2+, Mn2+ and PO3−

4 concentra-
tions along flux chambers incubation period compared to the theoretical dilution (solid
line) at the site impacted by SGD (seep) and non impacted by SGD (reference). Error
bars represent standard deviations for the average among 3 chambers, while the trend
lines for discrete measurements are calculated by 2nd order polynomial fit. The O2 plot

includes concentrations with error bars from Winkler titration (red dots).
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Figure 5.7: Distribution of selected variables in chamber incubated water (full cir-
cles) and in porewater (empty circles), along the salinity gradient (inversely related to
chambers incubation time) at seep and reference site. Conservative mixing is indicated

by the dashed line. Iron plots have different y axis scale.
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Figure 5.8: Oxygen fluxes measured with benthic chambers at seep and reference
site. Red bars indicate the oxygen depletion due to supply of anoxic water to the
chamber by SGD; green bars the total oxygen consumption/production as determined
by optode readings; black bars the O2 consumption/production independent of the
supply of anoxic waters by SGD, i.e. due to biological activity and oxidation of reduced

species.

Figure 5.9: DIC fluxes measured with benthic chambers at seep site. Red bars
indicate the DIC supplied by SGD; green bars the total DIC consumption/production
as determined by analysis on the incubated water samples; black bars the contribution
independent from SGD, i.e. estimation of biological respiration, since dissolution and

precipitation of CaCO3 is assumed negligible.
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Figure 5.10: Pore water sulfate versus DIC deviation form conservative mixing line
(as visible for each compound in Fig. 5.7). The linear regression line indicates 0.8 ratio

of DIC produced to sulfate consumed.





Chapter 6

Discussion and Perspectives

In situ measurements for the investigation of solute exchanges at the sediment water-

interface play an important role in the field of marine biogeochemical studies. In this

context, benthic flux chambers and microprofilers are well-established methods (section

1.3). In recent years the eddy correlation (EC) has gained acceptance as a valid technique

for determining dissolved oxygen (DO) fluxes between aquatic sediments and overlying

water masses.

These techniques are suitable for certain biogeochemical processes and spatial-temporal

scales. Benthic chambers and microprofilers can provide reasonable flux estimates espe-

cially in non-bioturbated sediments of limited permeability whereas EC has the potential

for directly estimating benthic oxygen fluxes for those sediments where advection is the

controlling factor for mineralization (Berg et al., 2013, McGinnis et al., in prep.).

Fully understanding benthic oxygen dynamics in deep-sea sediments is not an easy task

with traditional technologies, given that mineralization rates can often be at, or below,

measurement detection limits (that requires long in situ incubation times) and the ex-

pensive, expertise demanding platforms needed to reach thousands meter depths. ECs

could be a convenient approach for those remote ecosystems with respect to benthic

chambers and microprofilers, because they can potentially measure in standalone mode

over several weeks or even months. However, being a relatively novel method, EC appli-

cations are still relatively scarce (although increasing), and only very recently some of

the sources of measurement uncertainties have been investigated (Reimers et al., 2012,

Holtappels et al., 2013, Rheuban and Berg, 2013).

One of the main objectives of this work was to improve the confidence in the assessment

of EC fluxes. The reason behind this is that a more robust interpretation of aquatic

EC data would certainly lead to a better integration with other flux methods to achieve

157



Chapter 6. Discussion and Conclusions

insights into benthic biogeochemical processes and achieve long-term flux measurements

from benthic systems that are still overlooked in the context of global carbon budgets.

The results shown in this work derive from the application to coastal sands as well as to

deep-sea sediments of different in situ benthic flux measurement methods. By this, we

present considerations on site-related method limitations, with special emphasis on EC

technique.

6.1 In situ benthic fluxes estimation for permeable coastal

sediments

In sediments with permeability of approx. 10−12 to 10−11 cm2 , advection dominates

porewater transport (Huettel and Webster, 2001; Reimers et al., 2004). It was shown

that transport processes at the sediment-water interface may be induced by bottom cur-

rent–sediment interactions (Huettel et al., 1996) and by pore pressure variations due to

surface gravity waves (Precht and Huettel, 2004). It is now obvious that when measuring

benthic fluxes in permeable sediments, it is crucial to resolve the hydrodynamic setting.

Nevertheless, in situ benthic flux studies that include highly variable hydrodynamic con-

ditions encountered in the near-shore habitats are still rather scarce. As a consequence,

in situ porewater exchange and flow rates, and their effect on biogeochemical cycling in

coastal shelf environments are still poorly quantified (Jahnke, 2005, Santos et al., 2012).

In our study at Hel bight we used stirred benthic chambers to investigate oxygen and

dissolved inorganic carbon fluxes in coastal sediments (permeability=2x10−11cm2) that

are influenced by groundwater in some localized areas of the bight. A pressure gradient

of 2.5 Pa was imposed by the rotation of a stirring plate inside the chambers that did

not affect the groundwater seepage rate (see Ch.5). In this way we accounted for the

natural pressure gradient that develops under a unidirectional flow over the investigated

topographical features at the dominant current magnitude measured at the site, i.e. 3

cm s−1 (as shown in Cook at al., 2007; Janssen et al. 2012).

Such measurements allowed us to establish that aerobic oxidation of organic matter

represents the main mineralization pathway for these sediments, under a single flow

field geometry and flushing rate. However it was shown that organic matter degrada-

tion pathways in sands can be highly variable, ranging from predominantly aerobic to

predominantly sulfate reduction, and depend on temperature, the availability of degrad-

able organic matter in the sediment, sediment permeability, sediment topography, and

boundary layer flow velocity (Section 1.2). These variables change on different timescales

(from minutes to weeks) and can be influenced by episodic events such as major storms.
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The state-of-the-art EC technique is the only method that can resolve benthic fluxes ac-

counting for the variability of the hydrodynamic setting, because fluxes can be obtained

without disturbing the natural flow conditions and they will capture the in situ effects

of pore-water flushing. Furthermore, because the footprint (the sediment surface area

that contributes to the flux) covers a relatively large area (typically 10–100 m2; Berg et

al. 2007), it integrates spatial heterogeneities found in most benthic systems (Fenchel

and Glud, 2000; Wenzhöfer and Glud, 2004; Thouzeau et al., 2007). These important

features encouraged the application of EC for permeable sediments (Donis et al., 2012;

McGinnis et al. in prep.). A recent application of EC to permeable sediments confirmed

the link between oxygen uptake and current flow for the first time through direct in situ

measurements (Berg et al., 2013), while so far it was largely investigated only with flume

experiments and chamber studies (Huettel and Gust 1992; Reimers, 1996; Precht and

Huettel, 2003). Berg et al., measured an EC oxygen flux 20 times greater than diffusive

oxygen uptake, indicating that vertical oxygen transport was almost exclusively advec-

tive. However, Berg et al. (2013) have considered only current-driven flows and omitted

the complex effect of wave action, although they stressed the importance of including it

in the future.

It was previously shown that the large variability between the eddy fluxes derived for

individual bursts can be due to internal waves, or other low-frequency mixing events,

that cause intermittent advection (Brand et al., 2008, Lorke et al, 2012, Reimers et al.,

2012). Because EC measurements resolve all dynamic processes that contribute a net

nonzero flux of oxygen into/from the seabed, the presence of high frequency waves over

permeable sediments brings several major considerations: 1) Wave orbital velocities near

a rippled sandy bed may induce significant flow velocities through the bed, allowing water

of lower oxygen concentration to be returned to the water column leading to oxygen

consumption not related to remineralization processes (Reimers et al., 2004). 2) Net

flux computations across wave frequencies can be significantly biased if the observation

platform is not oriented perfectly in the vertical direction (Lorke et al. 2013). Any

rotation errors will result in components of the horizontal velocities associated with

surface waves being superimposed to the vertical velocities (Shaw and Trowbridge, 2001)

and can potentially lead to large errors in the flux estimates. Thus one may consider,

when correcting for wave action, removing the entire wave contribution (e.g., Shaw

and Trowbridge, 2001) or distinguishing between the real wave contribution (that may

include processes not related to remineralization of organic matter) and the apparent

wave bias due to rotation errors (Reimers et al., 2012).

An important aspect to be considered when comparing total oxygen uptake between EC

and benthic chambers (TOUEC and TOUCh ) is the inhomogeneity of the seabed. When

we applied EC at Hel sands impacted by submarine groundwater discharge (unpublished
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data, see Appendix A), we removed the wave contribution and obtained TOUEC com-

parable to TOUCh (-77 and -55 ± 15 mmol O2 m−2 d−1 , respectively). As shown in

Chapter 5, the investigated bight is characterized by a patchy distribution of anoxic,

fresh groundwater discharge locations. Therefore, chamber incubations may represent

the localized impact of the seepage while the area contributing to the EC-flux (approx.

20 m2 ) most likely integrated an inhomogeneous area, composed by spots of higher and

lower oxygen consumption. However, we measured the TOUCh at sites with higher and

negligible seepage impact, and did not observe significantly different rates.

Reimers et al. (2012) explained with the “inhomogeneity effect” the results obtained

for 80 m depth in permeable sediments of a hypoxic region on the Oregon shelf. The

magnitudes of TOUEC (-10 mmol O2 m−2 d−1) compared with TOUCh (-8 mmol O2

m−2 d−1), and both were greater (as expected) than diffusive flux estimates from oxygen

microelectrode profiles (-2.4 mmol O2 m−2 d−1). It was suggested that the chambers

may have sampled a localized “hot spot”, ascribed to an inhomogeneous distribution

of decomposing phytodetritus (e.g., as in Glud et al., 2009). It is as well possible that

TOUEC was not higher than TOUCh, (as hypothesized and found for a 2 m depth sandy

site by Berg et al. (2013)) because shallow sites are under nearly air-saturated waters

and experience regularly strong tidal currents, exhibiting a greater degree of advective

oxygen flux enhancement than the 80 m depth Oregon shelf sites studied under late

spring and summer conditions by Reimers et al. (2012).

It can be concluded that when we want to address biogeochemical processes for well-

determined conditions at an inhomogeneous seafloor, chamber incubations (such as those

used in this study) still provide the most trustful insight into interactions between pore-

water advection, solute fluxes, and reaction rates in permeable sediments. EC appears

as a suitable approach for a broader scale investigation, that would include the high

dynamic processes of coastal benthic systems. The two techniques therefore in this

context are complementary.

More studies are however necessary to assess the procedures needed to avoid/correct

the effects that physical variables, such as the density gradients induced by groundwater

discharge, may have on EC-flux measurements. It is plausible that, for this instance,

the EC-flux measurement height above the seabed is determinant under a spectrum of

turbulent conditions that can be certainly tested and assessed with further studies.
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6.2 In situ benthic fluxes estimation for cohesive and deep-

sea sediments

The measurement of in situ benthic fluxes is virtually easier for cohesive sediments, as

some of the mentioned uncertainties encountered for estimations in permeable sediments

can be excluded. The agreement between oxygen flux measurements carried out with

benthic chambers, microprofilers and EC is an indication that, in terms of remineraliza-

tion rates, the area under study is homogeneous.

Our study at HAUSGARTEN (2500 m depth), showed good agreement between oxy-

gen fluxes obtained by the three techniques (DOU = -1.2 ± 0.1, TOUCh= -1.2 ± 0.3,

TOUEC = -0.9 ± 0.2 mmol O2 m−2 d−1), confirming what has been obtained by previ-

ous comparative studies on cohesive sediments (Berg et al., 2003, 2009). The results, in

addition, confirm that deep-sea sediments at this oligotrophic site, are characterized by

a low oxygen uptake, and the faunal contribution to remineralization of organic matter

is small. This finding is relevant in light of the few flux studies existing for Arctic deep

sea sediments (Schluster et al., 2000; Sauter et al., 2001).

Our achievement, i.e. measuring low oxygen sediment uptake rates (< 1 mmol O2 m−2

d−1 ) with EC, assessing their significance, is particularly relevant in the perspective

of in situ long term measurements of benthic biogeochemical activity at deep-sea sites.

Indeed, future flux studies may need to be expanded to open oceans and polar regions.

Long-term high-resolution time series of benthic oxygen exchanges are required for bet-

ter understanding the quantitative importance of episodic events in the upper water

column (e.g. ice melting) for the annual oxygen and carbon budgets (Thiel et al., 1994;

Pfannkuche and Linke 2003).

6.3 Towards an improved confidence of eddy correlation

measurements

Depending on the aim of the study, comparative measurements between benthic cham-

bers, microprofilers and EC can be convenient to gain insights on sediments activity,

with different spatial and temporal resolution. Nevertheless it should be possible to

avoid side measurements when deploying an EC system. Firstly, because it is expensive

and time consuming, and secondly, because for several benthic ecosystems, the com-

parison between fluxes obtained by the three methods is barely achievable (e.g. highly

permeable sediments and hard substrates). Since EC measurements are already provid-

ing results on benthic processes from systems that previously were difficult to address
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quantitatively (e.g. ice subsurface mass and oxygen exchange with the ocean, Long et

al., 2012, coral reefs, Long et al., 2013), it appears urgent to establish common protocols

for EC data quality control that are so far missing.

Oxygen fluxes obtained from EC measurements often show extensive short-term vari-

ability, that is poorly explained by benthic community response. The variability of EC

fluxes for shallow sediments is recognized as naturally dynamic, as for instance, the

variations due to the shifting from autothrophic to heterotrophic metabolism of benthic

communities (Berg et al., 2013). In order to use oxygen exchange as a proxy for total

carbon mineralization and production in benthic systems (Canfield et al., 1993) it is

therefore recommended to integrate EC measurements over considerable periods of time

(weeks) to be considered representative of the system trophic status.

However, since EC measurements are usually performed at 10-15 cm above the seafloor, a

short outflow of oxygen depleted porewater from the ripple crests in permeable sediments

would alter temporarily the vertical concentration gradient at the measuring point. It

is therefore suggested that averaging EC fluxes over a time scale of hours, would help

counter the biases (Berg et al., 2013).

Even though is not yet established whether the current-induced pore water outflow

would affect EC measurements, it is true that environmental conditions that nullify

the assumption of a steady state oxygen concentration may occur often, especially in

coastal waters, where strong oxygen sinks and sources prevail. This issue was faced in

Chapter 3, where we examined the effect of transient oxygen concentration (and current

magnitude) on EC-fluxes.

We showed how changes of 5–10 μmol O2 L−1 h−1 can result in transient EC-fluxes of

6–12 mmol O2 m−2 d−1, which is comparable to the oxygen uptake on shelf sediments.

We additionally show that for horizontal gradients, the bias increases with the distance

between the measuring volume and the seabed. Thus, measurements closer to the sedi-

ment would reduce the errors, however reducing the size of the area contributing to the

flux as well as the “blending height” (EC footprint, Berg et al., 2007).

Our results suggest to carefully analyze the velocity and oxygen concentration time se-

ries recorded during EC-deployments and resolve their rate of change to estimate how

this may confound the true benthic flux (Holtappels et al., 2013, Chapter 3 and 4).

However, coherently with Berg et al., (2013) for EC measurements in highly permeable

sediments, we conclude that the probability of an erroneous flux estimation during tran-

sient conditions is higher for short deployments, while extended sampling periods would

average out the biases due to increasing and decreasing velocities or concentrations.
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The recommended procedure of averaging EC fluxes over long periods (for the mentioned

cases of permeable sediments and transient conditions) applies as well to the case of low

frequency waves. It is in fact assumed that a sufficiently long deployment period would

capture multiple cycles of low-frequency motions and would therefore lead to a low-

frequency flux that averages to zero in the long term (Reimers et al., 2012).

After these considerations, it appears obvious that the potential for EC measurements

to achieve flux estimates with high temporal resolution (e.g. on a fraction of hour), is

limited to those systems where strong discontinuities in the current field and concen-

trations gradients are excluded. We think that this must be considered for future novel

applications of EC measurements. Due to the characteristics of EC systems (largely

described in this study), one of the most challenging application of this technique is the

estimation of respiration rates on hard seabed substrates and coral reefs.

Similarly to what has been described for highly permeable sediments, coral reefs, with

many cavities and organisms colonizing inhomogeneously the surface, can easily induce

(under the effect of changing current flow regimes) bursts of oxygen enriched/depleted

interstitial waters, leading to unsteady boundary concentration gradients. Nevertheless,

a recent study by Long et al. (2013) reports high-temporal resolution EC oxygen fluxes of

a coral reef. The aim here was to incorporate contributions of all of the organisms within

and on the reef structure and correlate respiration rates to changes in environmental

conditions.

Given the inhomogeneity of such substrates, the area that contributes to the vertical

oxygen flux (footprint) has to be precisely defined, which is not a n easy task. The EC

footprint is typically large, but is also narrow with a width on the order of a few meters,

and changes with the current direction. Even small changes in the current direction can

yield an entirely different footprint, therefore the authors had to analyze the flux as a

function of current directions.

The high variance of the resolved EC fluxes (up to 4 times the minimum flux) was

attributed to the change in the footprint relative to the current, i.e. to the different

composition of the sediments/corals and of the benthic community contributing to the

oxygen flux. However, as we show in Chapter 2, some of the variability of EC fluxes

can be related to the orientation of the sensors (the oxygen sensor tip and the velocity

sampling volume) with respect to the current direction. We suggest that an underesti-

mation of benthic fluxes by EC may occur when the system is oriented perpendicularly

to the current direction, due to the miss sampling of turbulent structures. This eventu-

ality requires further analysis to determine the order of magnitude of the smallest eddies

contributing to the flux, and compare it to the distance between the sensors.
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In the study by Long et al. (2013) on the coral reef, oxygen measurements were taken

7 cm apart from the velocity sampling volume (personal communication), with local

current magnitudes of 2-5 cm s−1. Given the high drag coefficient of coral reefs, even

with such low mean currents, the energy dissipation is expected in the order of 10−5 W

kg−1. Thus, as reported in Lorrai et al. (2010), the smallest eddies contributing to the

turbulent flux can easily be < 1 cm. In the case of 7 cm distance between the sensors, it

is plausible that a significant loss of high frequency signal occurs when the mean current

is perpendicular to the sensors.

We showed in Chapter 2 that even for the ideal orientation (i.e. sensors oriented down-

stream with respect to the mean current) the correction of the time shift due to the

physical distance of the measured time series, w’ C’, may not be sufficient to align

the sensor readings to the same water parcel. This is because increasing distances be-

tween the sensors also increases the mismatch of the spatial overlay of corresponding

velocity-concentration pairs (w’ and C’), and may constitute a weak point especially

under non-uniform conditions.

We suggest indeed that the oxygen sensor tip distance from the velocity sampling vol-

ume should be as small as possible, especially if the current direction is expected to

change during the deployment of an EC system. These considerations, together with

the application of correction procedures shown in Chapter 2 and 3, are needed if we

want to be able to assess EC fluxes without a reliable reference measurement. When we

evaluated the flow field direction and correlate it with the significance of the EC fluxes

for the deployment in Arctic deep sea sediments (Chapter 4), we could increase the con-

fidence of the obtained fluxes by a 30%. This represents a next step for the amelioration

of EC use for non-ideal conditions, opening to a better estimation of benthic exchange

processes on longer time scales, compared to what is achievable by traditional methods.

6.4 Technical improvements for aquatic eddy correlation

In Chapter 2 we point out how the orientation of an EC system with respect to the

current direction can cause (for high turbulence) a significant underestimation of the

measured flux, which has been so far overlooked. Is not possible however to establish

a criterium for which a certain loss of precision in the flux estimation corresponds to a

given orientation, since it depends not only on the direction of the current but also on

the scale of the smallest turbulent structures contributing to the flux.

For non-ideal conditions, as high turbulence and variable mean flow directions, the best

way to achieve a higher precision of flux measurements with EC is to keep the sampling
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volumes as close as possible, and oriented downstream to the current for the whole

deployment period. For this instance EC frames could be adapted to rotate the system

towards the current. This implies either a freely orientating EC-system, mounted on a

rotating pole provided with a fin that helps the alignment towards the mean flow, or

a motor (and a dedicated routine) that calculates the current direction and rotates the

system accordingly.

For the first solution, it was shown that the induced vibrations would spoil the measure-

ments by introducing fluctuations that have the same order of magnitude as the ones

needed to calculate the turbulent fluxes (McCann, 2010). The second solution instead

would fix the system at a given orientation avoiding the vibration problem, but on the

other hand requires additional payload on the power consumption and is prone to elec-

tronic problems. However, with the availability of new generation batteries (e.g. higher

capacity/volume ratio), this may represent the best solution.

We showed that low oxygen fluxes at deep-sea sediments are measurable with EC, and as

well pointed out how continuous, long-term benthic flux measurements would raise new

questions concerning benthic responses to water column dynamics. For this instance,

a crucial requirement for EC measurements is to have stable signals, i.e. sensors with

minimal electronic drift, not easily breakable and resistant to biofouling. For oxygen

measurements, optodes have several advantages over microelectrodes. Provided they

are fast enough to capture the oxygen fluctuations that drive the turbulent flux, optodes

are less susceptible to signal drift, and are more durable in the field conditions, less

expensive to fabricate and reparable. Moreover, no oxygen is consumed during the

measurements, thus is independent of the flow (no stirring sensitive). A recent study by

Chipman et al. (2012) showed EC (optode-based) fluxes in a range of 20-100 mmol O2

m−2 d−1, confirming that the existing technology makes the oxygen optode a suitable

sensor for EC measurements in aquatic environments.

One limitation concerns the accuracy of the oxygen concentration measurements which

is currently better for microelectrodes than for optodes (± 0.5 and 2.5 μmol L−1 ,

respectively). For the purpose of measuring small fluxes at low turbulent regimes, as

the ones we have measured in deep-sea Arctic sediments, optode accuracy would thus

be not sufficient. However highly sensitive chemistries are being tested, that will further

improve optode performance, and it is likely that these sensors will become the most

suitable for EC measurements in aquatic environments.
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Appendix A

Additional studies and

Secondments

Cruise participations

R/V M.S.Merian MSM 15/1, Black Sea (7 April-8 May 2010)

Waddensea Island Sylt (Field Campaign), Germany (26 July - 08 August 2010)

Hel Peninsula (Field Campaign), Poland (30 September – 10 October 2010; 25 August-

5 September 2011)

A.1 Additional studies not included as manuscripts

The following studies were included in periodic reports for the EU SENSEnet project

Benthic exchanges at groundwater seepage sites by eddy correlation

technique

A study was carried out at a site where 2 characteristics are relevant for the application

of EC: permeable sediments and submarine groundwater discharge (SGD). The first

because understanding the role of permeable sediments in the coastal cycles of matter

requires approaches that take into account the tight coupling between the interfacial

fluxes and variable boundary layer flows. The second because SGD is often patchy,

diffuse and temporarily variable, thus an approach that is representative of a wide area
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can lead the estimation of the impact of SGD on benthic oxygen consumption to an

ecosystem level.

After accurate spectral analyses of EC measurements, we detected the cases for which

the resulting flux term (the product of vertical velocity and oxygen concentration fluc-

tuations, w’C’) contained contributions from turbulence as well as from wave induced

processes. We corrected the net flux by calculating the energy dissipation (from which

we can derive the time scale for the smallest eddies contributing to the turbulent flux)

and cut the bias caused by the high frequency wave contribution.

Fluxes obtained by stirred benthic chamber incubations performed at this SGD site

provide us the only possible comparison to give consistency to the novel application of

the eddy correlation technique in high energetic ecosystems (chambers = -55 ± 12 N=3,

EC= -77 , N=1, mmol m−2d−1 ). Next step will be to compare EC fluxes to heat fluxes

measured with another EC system in the proximity and verify whether the seepage of

grounwater produced stratification in the water column. Although the sampling site was

very shallow (approx. 1 mt) and energetic.

Adaptation of the EC system for other flux measurements

The EC system was adapted for the measurement of small-scale temperature changes

and used to identify and quantify fresh water seeps in coastal sandy sediments (Hel,

Poland). The development of an EC system for heat flux measurements in 2010 was

successful but the first results did not show a significant difference in the magnitude

of the heat fluxes between the seepage and the reference site. Only small temperature

differences between the water column (13.2 ◦C) and the pore water (13◦C) as well as

harsh sea conditions causing a fast mixing of the seepage and bottom water might be

responsible for this.

For this reason the EC system has then been modified to host two amplifiers. This allows

combining temperature and conductivity measurements at the same spot and time. The

new system was tested in August 2011 during the second field campaign in Hel (Poland).

Unfortunately, technical problems during the deployment lead to a miss-functioning of

the conductivity sensor which did not resolve the high frequency fluctuations. The

only application of temperature measurements for the aim of determining SGD rates is

possible, however, more suitable for seepage of freshwater at greater depths , where the

energy of the water column mixing is lower (i.e having a stronger temperature gradient

at the sediment water interface). Moreover, at depths of 1.5 m (such as for Hel’s SGD

study site), to the heat flux generated by the seepage, is superimposed a strong flux
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produced by the heat exchange between the relatively small volume of the water column

and the atmosphere (especially during summer).

The EC system was also adapted for sulphide flux measurements and a first attempt for

performing measurements was made during the cruise in the ByFjord (Baltic Sea, Oc-

tober 2010). Unfortunately the deployment was not successful because of the extremely

soft sediment. The entire frame with the sensors sank into the sediment preventing any

valuable data. The next attempt to test the application of EC for sulphide flux measure-

ments took place in August 2011 in Hel (Poland) at the groundwater seepage site. Here

the instrument could be easily controlled and additional parameters were measured by

chamber incubations. However, during summer Hel campaign the outflow of H2S was

hardly detectable, most probably because the oxidation of H2S took place within the

oxygenated surface permeable sediments. The penetration of oxygen in sandy sediments

depends on the energy of the hydrodynamics involved (i.e. on the flushing rate), and it

was shown that at Hel the extension of the oxic sediment layer can reach 10 cm.
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A.2 Secondments

University of Gothenburg, Sweden

R/V Skagerak in Byfjorden (Oct 25-30th 2010) The aim was to investigate the temporal

and spatial dynamics of the oxygen transport and turnover rates and their effects on

biogeochemistry and composition of the benthic communities. The EC was deployed in

a sill fjord (ByFjord, Sweden) characterized by brackish conditions, intermittent water

exchanges, and periodically low oxygen concentrations. During the cruise the EC system

was deployed two times at 7 meters together with a benthic chamber lander (UGot).

We learned that in systems where the hydrodynamic conditions are highly variable,

turbulent O2 transport between the bottom boundary layer and the fjord interior might

not be related to benthic exchanges. For such environments it is therefore important to

obtain long time-series to capture all environmental conditions and to correctly average

O2 exchange. Moreover, heat flux measurements at the same time resolution must be

coupled to the oxygen flux measurements. By this it should be possible to separate the

benthic oxygen flux from the flux related to water mass exchange.

University of Stokholm, Sweden

Askö Marine Station (Himmelfjärden) November 11 – 21, 2011 The general purpose was

to measure bottom boundary layer nutrient profiles, and to determine the sediment O2

uptake rates using three different methods: Eddy correlation, bottom boundary layer

profiling, and by ex-situ measurements of sediment cores. In addition, an Eddy device

with a conductivity sensor was tested and 15N tracer experiments were performed on

intact cores and slurries. The collected data are under analysis process.
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Workshops and Conferences

B.1 Workshops

SENSEnet workshop 1: “Sensors in the marine environment” (12-14th May 2010),

Southampton, UK Workshop

SENSEnet workshop 1: “Sensor technology in marine research – General use and data

analysis. Part I”, (23-27th August 2010) Bremen Germany

SENSEnet workshop 2: “Sensor technology in marine research – General use and data

analysis. Part II ”, (September 2011) Sylt, Germany

SENSEnet workshop: “Data Management”, (11-15 October 2011) NOC Southampton,

UK.

SENSEnet workshop : “From research-based discovery to business”, (26-27 March 2011),

Aarhus, Denmark.

Workshop on eddy correlation system: flume experiments (September 2011). Landau

University, Germany.
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B.2 International conferences: oral presentations

Donis, D., Holtappels, M., McGinnis, D.F., Wenzhöefer, F.

“BENTHIC OXYGEN EXCHANGE RATES IN DEEP SEA ARCTIC SEDIMENTS:

A DIRECT EDDY CORRELATION MEASUREMENT”.

Ocean Sciences Meeting. Salt Lake City, Utah, U.S.A, 19 - 24 February 2012.

Donis, D., Janssen, F., Böttcher, M., McGinnis, D.F., Holtappels, M, Wenzhöfer, F.

“IN SITU OXYGEN BENTHIC FLUX MEASUREMENTS IN COASTAL PERME-

ABLE SEDIMENTS IMPACTED BY SUBMARINE GROUNDWATERDISCHARGE”.

European Geosciences Union General Assembly 2012. Vienna, Austria, 22 – 27 April

2012.

Donis, D., Holtappels, M., Noss, C., Wenzhöfer, F., Hancke, K., Lorke, A., Glud, R.

N., Meysman, F., and D.F. McGinnis

“IMPROVING PRECISION AND CONFIDENCE OF AQUATIC EDDY CORRELA-
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