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Biogeochemical processes at the sediment water interface and quantification of metabolically ...

Preface

I

This work is submitted as a dissertation and has been supervised by Prof. Dr. Bo B.

J\2Srgensen and Prof. Dr. Horst D. Schulz. The study was conducted as part of the Special

Research Project 261 "The South Atlantic in the Late Quaternary: Reconstruction of Material

Budget and Current Systems" at the University of Bremen funded by the German Research

Foundation. Part of this study was also conducted in the European Union project

"Hydrothermal Fluxes and Biological Production in the Aegean Sea (No. MAS3-CT 95

0021).

The thesis consists of seven separate studies in which I was directly involved. Four of

these studies are printed as manuscripts (Chap. 2 - 5), while the other three manuscripts are

summarized in the Overview of Research. All manuscripts have either been submitted or will

be submitted for publication in international journals. The thematic context as well as a

general introduction into the study of biogeochemical processes at the sediment water

interface is outlined in an introduction chapter. A summary at the end of the thesis presents

the main results as well as an outlook of further research topics.

Manuscript No. I (Deep penetrating oxygen profiles measured in situ by oxygen

optodes) consists of my own investigations. Dr. 0. Holby assisted with the lander deployments

during the cruise and Dr. O. Kohls was involved in the sensor development. Manuscript No.

II (Calcite dissolution driven by benthic mineralization in the deep sea: In situ measurements

of Caz
+, Oz, pH , pCOz is based mainly on my own profiling data. The contribution of the

other Co-authors consists of providing chamber lander data and helpful discussions (Dr. S.

Boehme) and adding bulk sediment analyses (B. Strotmann). M. Adler together with Dr. C.

Hensen developed the model and we discussed the modeling of my profiling data. Manuscript

No. ill (In situ microsensor studies of a hydrothermal vent at Milos, Greece) is based on my

data. H. Nielsen and Dr. O. Holby provided the temperature transect data and handled the

lander during the deployments. Data from Dr. R. Glud (photosynthesis) were of substantial

importance for describing the area. My own contribution to manuscript IV (Carbon oxidation

in sediments of Gotland basin, Baltic Sea, measured in situ by use of benthic landers) consist

of diffusive oxygen measurements, data processing and authorship. Manuscript V (Sulfate

reduction in Black Sea sediments, in situ and laboratory radiotracer measurements from the

shelf to 2000 m) contains my data for calculation of diffusive oxygen fluxes, and I was also

involved in the discussion of the data. To manuscript VI (Importance of mussel covered shelf

sediments for remineralization processes in the Black Sea: In situ measurements with a free
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falling benthic chamber lander) my oxygen flux measurements were added to interpret the

chamber lander data. Manuscript VII (In situ measurements of respiration and metabolism of

the deep sea shrimp Heterocarpus grimaldii (Pandalidae) - a case study) contains substantial

amount of my data.
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Chapter 1

Introduction

The complex interplay of biological, geological and chemical processes by which

materials and energy are exchanged and reused at the Earth's surface are known as

biogeochemical cycles. These intermeshed processes operate on timescales of microseconds

to eons and occur within a size range from a living cell to the entire land-atmosphere-ocean

system (Hedges, 1992; Wollast et al., 1990). To understand these cycles is crucial to protect

our natural environment and to ensure a sustainable use of their sources. The first step to

resolve the global interactions is to study the single processes and learn how they function.

The oceans cover most of the earth's surface and it is well known that they playa

major role in the biogeochemical cycles, and act as a regulator in the global carbonate system

(sink or source of atmospheric C02) (Fig. 1). Marine sediments playa major role in the

oceanic carbon cycle as the main site processes such as remineralization and reoxidation take

place (J~rgensen, 1983; Santschi et al., 1990; Canfield, 1993; Rowe et al., 1994; Jahnke,

1996).

Global Carbon Cycle

One of the most important global cycles is the carbon cycle (Berner, 1982, 1989).

Carbon is the major energy source for living organisms and also an end metabolite of

respiration. As can be seen in Fig. 1 the ocean stores the highest amount of carbon in the deep

sea (Berner, 1989; Siegenthaler and Sarmiento, 1993). Across the water atmosphere boundary

the ocean carbonate pool is linked to the pC02 present in the atmosphere, resulting in a net

uptake of pC02 by the modern oceans (Sundquist, 1993).

The dissolved carbonate in the photic zone of surface waters is the main source for

biological fixation of carbon either as CaC03 or organic matter. Since most of the organic

matter is effectively recycled in the surface waters ("microbial food loop") only very little

organic material reaches the seafloor (l - 10 %; Suess, 1980; Deming and Baross, 1993;

Martin et al., 1987). The mechanisms for transport of carbon to the seafloor are either

physical transport ("physical carbon pump") as a component of a water mass that is eventually
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subducted to the deep sea or transport of biological produced CaC03 and organic material as

biogenic particles/snow ("biological carbon pump") (Fig. 1). At the sediment surface a second

high rate of recycling of carbon take places. Remineralization is by far the most common fate

of recently biosynthesized carbon and thus is the dominant sink term in the global organic

carbon balance. The efficiency of the recycling of organic matter in the oceans is

demonstrated by the small fraction (0.2 %) of the marine primary production preserved in

marine sediments (Hedges, 1992; Berner, 1989). One of the most striking features of the

global carbon cycle is the low rate of organic burial in marine sediments compared with the

corresponding fluxes of organic materials into the ocean.

92

Atmosphere
750

Soli/Detritus
1500

Carbon flux Gt C I a
Carbon reservoirs Gt C

OM + Oz--+

Fig. 1: lllustration of the global carbon cycle. Sources (red numbers) and fluxes (black
arrows) show the interaction between the carbon pools. Question marks indicate the need of
further investigations of the relevant processes occuring at the sediment water interface; OM
=organic matter.
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Organic matter mineralization

Upon reaching the seafloor, organic matter IS subject to physical and chemical

reactions collectively referred to as diagenesis (Berner, 1980). Most diagenetic reactions are

driven by redox reactions, which involve the oxidation of organic matter. As a result, suboxic

and anoxic conditions are common in marine sediments.

In marine environments organic matter is the most important electron donator,

providing the energy needed to drive most of the biologically mediated redox reactions.

Particulate organic matter (POM) is composed of a wide variety of materials including

excreta, aggregates and living as well as dead tissues. The highest rernineralization rates

typically occur in the upper water column, resulting in an organic carbon flux decreasing from

the surface to the sediment by the factor up to 10,000 (Lee et aI., 1998). The second highest

rates occur at the sediment water interface, where normally the highest abundance of

organisms is located. Following the deposited organic material into the sediment, a sequence

of microbially mediated redox reactions can be observed (Froelich et aI., 1979). Oxygen is the

first electron acceptor in organic matter mineralization yielding the highest free energy.

Below this redox zone, bacteria oxidize organic matter in a sequence of reactions using

nitrate, manganese, iron, sulfate and carbon dioxide as electron acceptors, respectively,

yielding decreasing free energy following this sequence. The relative importance of these

diagenetic pathways for organic matter mineralization vary in different settings. Over the

whole seafloor, oxygen mediated mineralization is the most important diagenetic pathway,

with sulfate reduction the next in importance (e.g. Canflied, 1993). In shelf and estuarine

sediments oxygen respiration and sulfate reduction both account for approx. 50 % in organic

carbon decay (J¢rgensen, 1982). However, in deep sea sediments aerobic respiration accounts

for 90 % of the organic carbon oxidation (Bender and Heggie, 1984). The importance of

manganese and iron reduction as well as denitrification is still unclear. Their contribution to

organic carbon degradation may depend more on regional conditions (Reimers et aI., 1992;

Thamdrup and Canfield, 1996; Canfield et al., 1993b; Aller, 1990; Devol, 1991).

Marine sediments are also a sink for carbon, because some of the organic carbon

reaching the seafloor escapes remineralization and is buried. On the other hand, sediments are

a secondary source of CO2, not only released through respiration but also due to calcite

dissolution. Quantifying these processes is one of the major goals in studying the marine

carbon cycle as part of the global carbon cycle. Manuscripts I, II and IV of this thesis describe

possible methods which may help to answer the question, "which diagenetic pathways are of
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importance in shelf and deep sea sediments and how are marine sediments involved in the

carbon cycle ?"

Calcite dissolution

Biogenic calcite is one of the major carbon species in the oceanic carbon cycle. Calcite

production in the photic zone of surface waters and the dissolution occurring during the

transport through the water column are major regulators of the pC02 level of the atmosphere.

Since marine sediments are the final site where calcite is deposited, identifying and

quantifying the factors influencing sedimentary CaC03 dissolution is crucial to understand the

marine CaC03 cycle, its role in the marine carbon cycle, and controls on atmospheric pC02

levels. In particular it is essential to differentiate between: (a) effects of changes in surface

water CaC03 productivity, (b) changes in the preservation/dissolution ratio that are driven by

variations in the composition of the particle rain to the seafloor (CorglCaC03 ratio), and (c)

changes in ocean circulation that influence the dissolution/preservation reaction, such as the

corrosiveness of the bottom water to CaC03 (bottom water saturation state) and bottom water

dissolved oxygen distribution (Arrhenius, 1988; Boyle, 1988; Curry and Lohmann, 1985;

Farrel and Prell, 1989; Lyle et aI., 1988; Pedersen et. aI., 1988).

The saturation state of the seawater (n) with respect to calcite is defined by

n =[Ca2+] [C03
2
-] / Kcalcite,sp ,

and is strongly influenced by pressure as the solubility of biogenic calcite (Kcalcite,sp) increases

and the carbonate ion concentration decreases with depth. Seawater is supersaturated (n > 1)

until depths exceeding 4000 m in the Atlantic Ocean and 1000 m in the Pacific Ocean.

Because the carbonate system exhibits this depth dependence, in situ studies of the calcite

dissolution processes are necessary. The strong effect pressure has on the carbonate system

was nicely shown by Archer et aI. (l989a), where they measured pH profiles twice in a box

corer. First at a depth of 5000 m and than at a water depth of 1500 m. The reduction in

pressure changes the solubility product of calcite, leading to a precipitation of calcite, which

shifts the pore water pH toward the acidic (Murray et aI, 1980; Emerson et aI., 1982).

Comparing in situ pore water pH profiles with laboratory values (Fig. 2) at a station in the

equatorial eastern Atlantic at a water depth of 4500 m also exhibited this effect (Wenzhofer

unpublished data).

On a microscopic scale, the dissolution rate of CaC03 in sediments is determined by

the concentration of col- in the pore water and the concentration of CaC03 in the solid
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phase. Pore water CO{ concentration is intimately related to the distributions of the other

inorganic carbon species CO2 and HC03' by the pH equilibrium buffer reactions for carbonic

acid. Thus addition of CO2, produced during organic matter mineralization, decreases the

C03
2. pool and hence lowers the saturation state of the pore water with respect to CaC03. The

production of HC03' by suboxic N03' and Mn02 reduction will increase the saturation state,

as does alkalinity production by sulfate reduction.

GeoB4419
4500m

·1

A

·3

• pH (MUC • lab)

o pH Oander ·In situ)

.5 L--,--==::;::::::===;;::::::"_~

7.6 7.8

pH

8.0 8.2

Fig.2: In situ pH microprofile (circles) compared with a laboratory measurement (triangle) at
a water depth of 4500 m in the western equatorial Atlantic (GeoB 4419). Sediment recovery
caused pore water to shift toward the acidic, resulting from the precipitation of calcite at
decreased pressure. (Laboratory pH data supplied by Dr. C. Hensen, Geology Department,
University of Bremen).

Due to the difficulties in measuring biogenic calcite dissolution in the oceans, the

impact of organic matter remineralization on carbonate dissolution in deep sea sediments was

first addressed by modeling the processes (Emerson and Bender, 1981). Recently developed

autonomous lander systems now provide the possibility for in situ studies. In situ microprofile

measurements (02, pH and pC02) as well as most chamber incubation measurements

indicated that metabolically CO2 does drive calcite dissolution (Archer et al., 1989a; Berelson

et al., 1994; Hales, 1995; Cai et aI., 1995; Hales and Emerson, 1997a; Jahnke et al., 1997).

But there are still same uncertainties in the quantitative influence of metabolic driven calcite

dissolution, as Jahnke et aI. (1994) found that metabolic CO2 was not always the significant

driving force of CaC03 dissolution in marine sediments. Therefore Jahnke et al. (1997)

concluded that the extent of metabolic CaC03 dissolution may vary regionally.

Most of the in situ results as well as the laboratory data were fitted to the empirical

rate law:
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R=k(l-O)",

where R is the rate of dissolution, k is the dissolution rate constant and n is the reaction order

(Morse, 1978; Keir, 1980). Laboratory dissolution studies showed that the reaction order

varied between 2.7 and 4.5 (Walter and Morse, 1985; Keir, 1980), while recently Hales and

Emerson (l997b) supported a first-order dissolution kinetics of calcite in seawater. Another

factor which influences the dissolution of biogenic calcite in seawater is surface area kinetics.

Only a small percentage of the surface area is reactive, resulting in an inhibition of dissolution

(Walter and Morse, 1985). Dissolved species such as magnesium, phosphate and organic

carbon are also known to inhibit dissolution (Morse and Mackensie, 1990). In manuscript II

we show the first in situ calcite dissolution rates directly measured with Ca2
+ microelectrodes,

that together with pH and pC02 sensors provided the opportunity to define the saturation state

of the pore water directly.

Microsensors

Microsensors have been used for several years in studying microbial ecology. They

provide measurements of chemical and physical parameters with high spatial resolution « 50

~m), which makes them a powerful tool for environments where high metabolic rates of

dense microbial communities and molecular diffusion cause steep chemical gradients and

narrow zones of microbial activity.

In recent years the development of new microsensors has accelerated, leading to a

wide variety of available microsensors. The microsensors used for studying interfacial

processes in sediments, biofilms, microbial mats, aggregates and other benthic systems can be

divided in two groups: (1) electro-chemical microsensors and (2) opto-chemical

microsensors.

The electro-chemical microsensors can further be subdivided into two types:

(a) Potentiometric microelectrodes, which are based on charge separation of ions across a

membrane, generating an electrical potential difference according to the Nernst equation.

(b) Amperometric microelectrodes, measuring the current caused by electrochemical reactions

of the analyte at the tip of the microelectrode.

Previously another sensing principle was adapted to aquatic biology, based on changes

in an optical indicator - microoptodes. These sensor are based on the reversible change in the

optical properties of an indicator which is immobilized at the fibre tip (Wolfbeis, 1991;

Klimant et al., 1995; Holst et aI., in press).
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A third type of microsensor are micro-biosensors. The principle of these microsensors

is based on the specific activity of bacteria growing in the tip of the sensor. The bacteria

transform the chemical species to be measured and a second species (metabolite or reaction

partner) is detected with a microsensor for these latter chemical species, which is placed close

to the biosensor tip in the growing bacteria culture.

In Table 1 microsensors used in environmental studies are listed. In the following

section only recently developed sensors used in my studies are described. More detailed

reviews of microsensors and their application can be found elsewhere (Kiihl and Revsbech,

1999; Revsbech and l¢rgensen, 1986; Klimant et aI., 1997b; Holst et aI., in press; and

references therein).

H2S microelectrode

lerschoweski et al. (1996) and Kiihl et ai. (1998) introduced a new H2S microelectrode

which is based on the basic design of the Clark-type sensors. Dissolved H2S diffuses into the

microsensor tip, which is filled with an alkaline electrolyte. Behind the membrane, H2S is de

protonated to HS-, which reduces ferricyanide to ferrocyanide. At the polarized platinum

measuring anode, ferrocyanide is reoxidized which results in a surplus of electrons (Fig. 3).

A

Pt guard anode

Soda-lime glass
wih black enamel coating

- - -- - - -_ - ft cat!!.ode _-

2e"r 2 K.Fe(CN).

2 K,Fe(CN).

B

Schott 8516 glass

1--1---- Pt measuring anode

gas permeable
silicon membrane

JOpm

+ + + + +
+ Pt anode +

+ + + + +
2 e-> 2 K,Fe(CN).

2K3Fe(CN)'~
H'
S'

HS-

~"".:~..,,~..~,,~.'.l~~'.~'~.~~~.~.~~.~.~~~.~.~'~~~~.
H2S

Fig. 3: Schematic drawing of the H2S microelectrode (from Kiihl et al., 1998). (A) Sensor
tip design; (B) Chemical reaction at the counter electrode (upper part) and at the measuring
electrode (lower part).



Table 1: Microsensors used in biogeochemical studies (modified from KUhl and Revsbech, 1999)
00

Microsensor type

electrochemical

Oz

Hz

NzO

HzS

pCOz

pH

N03

NOz

N14+

Reference

Baumgartl and LUbbers (1973)

Revsbech (1989a)

Baumgartl and LUbbers (1973)

Ebert and Brume (1997)

Revsbech et al. (1988)

Jeroscheski et al. (1996)

KUhl et al. (1998)

De Beer et al. (1997a)

Cai and Reimers (1993)

Zhao and Cai (1997)

Thomas (1978); Amman (1986)

VanHoudt et al. (1992)

DeBeer et al. (1997a)

DeBeer and Sweerts (1989)

DeBeer et al. (1997b)

DeBeer and Van den Heuvel (1988)

Microsensor type

electrochemical

Ca2+

Sz-

Voltametric Sensors

Oz, S, Fez+, Mnz+

Reference

Amman et al (1987)

Revsbech and J~rgensen (1986)

Brendel and Luther ill (1995)

'"1o
()
(1)
en
en
(1)
en

a
s-
(1)

en
(1)
0.

3'
(1)

;a
~a
(1)
'"1

:;'
~;.
n
(1)

III
:3
0.
o
c::
I»
;a
5i
n
a
0'
:3
o.....
3
S
0-
2
0'
~



Table 1 (continued) t:P
0'

Microsensor type Reference Microsensor type Reference

microoptodes micro-biosensors ...g
0

Temperature Holst et aI. (1997) Glucose Cronenberg et aI. (1991) '"'"0
'"

Van den Heuvel et al. (1992)
Il)...
S-o

oxygen Klimant et aI. (1995) C~ Damgaard and Revsbech (1997) '"00.

Damgaard et aI. (1998) S'
0a

pH Kohls et aI. (1997a) N03- and NOz- Larsen et aI' (1997) ~

~
Kohls et aI. (1997b) DOC Neudorfer and Meyer-Reil (1997)

.,
pCOz 5'

0
~n
0

fiber-optic- tmicroprobes a
5i

surface detection Klimant et aI (1997a) ne
0'

diffusivity and flow DeBeer (1997) ::s
0....

field radiance Kiihl and J~rgensen (1994) 3
0

S
C1'

irradiance Lassen and J~rgensen (1994) £.
0'
~

\0
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While the microelectrode detects H2S, the local pH must be known to calculate the total

sulfide concentration. These microsensors exhibit a fast response (t90 < 0.5 sec) and a linear

response to H2S over a range of 1 to > 1000 ~M H2S, and have a low stirring sensitivity. In

contrast to the Ag/Ag2S microsensor the H2S microelectrode is insensitive to oxygen.

peo2 microoptode/microelectrode

There are two types of pC02 microsensors available: microelectrodes (Cai and

Reimers, 1993; DeBeer et aI., 1997a) and microoptodes (Hales et aI., 1997; Kohls et aI.,

1997b) Both types of C02 sensors shown in Fig. 4 and 5 are based on the same chemical

principle; C02 diffuses into the sensor tip and equilibrates with the electrolyte solution,

causing a pH change in the electrolyte/dye solution. The pH change is measured with a pH

electrode (C02-microelectrode) or as a color change to the pH sensitive dye solution (C02

microoptode). To increase the sensitivity and reduce the response time DeBeer et al. (l997a)

and Kohls et ai. (l997b) added carbonic anhydrase to the electrolyte. These C02 sensors have

a response time of 30 seconds to 3 minutes (90% of the signal), depending on the C02

gradient. The detection limit of the CO2 microsensors is -5 ~M, based on laboratory studies.

These sensors experience interference from H2S.

CO2 microsensors
electrode

si nal

< IO l'm

dye solution

Fig. 4: Schematic drawing of the sensor design; (A) electro-chemical and (B) opto-chemicai.
The magnification illustrates the chemical reaction of both sensors.



Biogeochemical processes at the sediment water interface and guantification of metabolically ... 11

Fig 5: Photo of a pe02 microoptode. Sensor tip is illuminated (Photo provided by O. Kohls
and G. Holst).

0 2 optodes

The measuring principle is based on the oxygen dependent dynamic luminescence

quenching of a indicator dye immobilized on a fiber tip (Fig. 6). Therefore, the oxygen optode

exhibits the highest signal at low oxygen concentrations. Two kinds of oxygen dyes can be

used: Ruthenium and Porpyrine. These dyes have excitation maxima in the blue and

blue/green part of the light spectrum, respectively, and they exhibit orange and red

luminescence, respectively. As a light source, a light emitting diode (LED) is used and a

photomuliplier detects either the luminescence intensity or the luminescence life-time (Holst

et al., in press).

\ /

Dynamic or collisional quenching
h . v1 I in absence or a

/qucllching substance

--+-g---+
excitation / I / \

h 2

in presence of a
quenching substance e. g. 0,

,

Fig. 6: lllustration of the dynamic quenching of luminescence (Graphic provided by G.

Holst)
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For lander use only the luminescence intensity based method has been applied (Glud

et aI., 1999; WenzhOfer et aI., Chapter 2 this thesis). The oxygen concentration can be

calculated from an empirical relation based on the Stem-Volmer equation (Stem and Volmer,

1919; Klimant et aI., 1995): 1110 = 'tho = (f/l+Ksv *c) + (1-f), where 10 is the luminescence

intensity in the absence of oxygen, Ksv the Stem-Volmer or quenching coefficient, f the

fraction of the indicator that is quenchable and c the oxygen concentration. The same equation

is also valid for life-time measurements, only the luminescence intensity is replaced by the

respective life-time parameter 't and 'to.

The design of an oxygen optode for deep penetration measurements is shown in Chapter 2.

The design of oxygen microoptodes is similar to the deep penetrating optodes, only the dye is

immobilized on a tapered fiber, resulting in tip diameter of approx. 30 11m (Fig. 7).

Fig.7: Photo of a microoptode (provided by O. Kohls and G. Holst)

The opto-chemical technique has also been developed for two-dimensional mapping of

oxygen distribution (Glud et al. 1996). This method can resolve the spatial heterogeneity that

often occurs across benthic interfaces, e.g. at the sediment water interface. The measurement

is based on the same principle as mircooptodes, but the dye is immobilized on transparent

support foils. Using a digital camera and an imaging technique two dimensional oxygen

dynamics can be measured (Fig. 8).
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A

Water

Light source

Excitation filter

Camera

~!!!!!!!!!!!!!E!!!m·i~s::::QJ

Fig. 8: (A) Schematic drawing of the experimental setup. (B) An oxygen image from a
marine sediment; red equals 30 % air saturation and lilac 0 % air saturation (from Glud et aI.,
1996).

Lander

A fundamental understanding of biogeochemical processes in sediments requires a

quantitative and qualitative assessment of rates of benthic processes. In situ high-resolution

measurements of pore water concentration profiles of solutes have provided an effective

means to quantify the diffusive flux across the sediment water interface. This information can

be used to estimate the rates of metabolic and chemical reactions in sediments and provide

important insights into the balance of processes that control sediment biogeochemistry. While

laboratory measurements require recovery and disturbance of the sediment, profiling in situ

leaves the sediments in place and thereby the natural gradients of metabolites and substrates

intact. Because of these attributes, in situ profiling has become very important for studying

benthic mineralization and microsensors have been used to assess 02-concentration gradients

and pH-profiles across the sediment water interface.

Since the first deep sea microprofiles were measured by Reimers et al. (1986) using

oxygen electrodes, the in situ field has grown rapidly. Several landers using 02 electrodes to

measure oxygen dynamics of marine sediments have been developed (Reimers, 1987; Hales

et al., 1994; Hales and Emerson, 1996). Archer et ai. (1989a) adapted pH microelectrodes to

lander systems and Gundersen et ai. (1992) used a Ag/Ag2S-sulfide-electrode for measuring

profiles through a Beggiatoa mat in the hydrothermal area of Guayamas Basin, Gulf of

California. In previous investigations on the marine carbon cycle, the use of pH and pC02

sensors on profiling landers resulted in the first in situ estimates of rates of organic matter
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decay and mineral dissolution (Cai et al., 1995; Hales and Emerson, 1997a). Recently, several

new microsensors have been developed for studying biogeochemical processes (for an

overview see Table 1) and some of these have been adapted for lander use (Manuscript I, II,

ill).

At the same time profiling landers were developed, a second type of benthic lander

was applied to marine deep sea science; the chamber lander (Smith et at., 1976; Berelson et

aI., 1987; Jahnke and Christiansen, 1989). The chamber lander encloses an area of the

seafloor and measures fluxes of solutes from the overlying water into the sediment and from

the sediment into the overlying water. The changes in concentrations are either measured by

electrodes (oxygen) or by taking water samples during the incubation period. An overview of

profiling and chamber landers used in marine science is given by Tengberg et al. (1995).

Recently, Greeff at al. (1998) developed a third type of benthic lander for radio tracer

studies. This lander is used to quantify the amount of organic matter mineralized by sulfate

reduction near the sediment surface. Labeled sulfate eSSOi-) is injected into sediment cores

which have been driven into the sediment. After lander recovery the incubated cores are

sectioned and the turnover rate of the radiolabelled sol- is measured to determine a sulfate

reduction rate (SRR).

The next generation of deep sea instruments is the autonomous unmanned vehicle

called Rover from Smith et ai. (1997). The vehicle is built to conduct long time-series studies

of benthic oxygen fluxes in the deep sea. The Rover is deployed as a free vehicle, and is able

to crawl across the seafloor. At each sampling site chamber incubations as well as

microprofiles can be performed.

In this thesis, the application and use of four recently developed techniques and

sensors on our profiling lander system is shown. The autonomous profiling lander used in the

studies was a modified version of the lander "Profilur" used by Gundersen and Js:;rgensen

(1990) and Glud et al. (1994). I modified the lander for use as a modular-system. The

modular-system allows measurements with different techniques either simultaneously or

separately, such as new sensors (Manuscript I: oxygen optodes; Manuscript II: COr

microoptode, Ca2+-microelectrode) or gel-peeper technique for in situ high resolution pore

water studies (Holby, Fones and WenzhOfer not published). The application and use of the

newly developed H2S-microelectrode on a miniaturized lander system is shown in Manuscript

ill.
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Main goals

The oceans, with their high content of reactive carbon playa major role in the global

carbon cycle. Within the ocean carbon cycle, the sediments are the place where carbon can be

permanently buried and therefore taken out of the cycle for many years. However, to

understand the global interactions of the single components, the processes of these

components have to be studied and known. In this thesis the study of biogeochemical

processes at the sediment water interface were the main object.

Many studies of the oxygen and carbon dynamics in coastal areas have been

performed, however very little is known about these dynamics in the deep sea sediments.

There are two major facts which makes the studies of oxygen uptake rates in deep sea

sediments complicated. First, recovery of sediment cores alters the pore water oxygen

concentration and therefore result in an overestimation of oxygen mediated organic matter

mineralization (Glud et aI., 1994). This fact implicates the need for in situ devices, for

example autonomous lander systems (Reimers, 1987; Smith et aI., 1976; Tengberg et aI.,

1995). Second, in deep sea sediments oxygen penetration depths often reach several

decimetres or metres which is not measurable with oxygen microelectrodes. To study the

mineralization in those deep sea sediments we developed a new deep penetration oxygen

sensor for measuring deep oxygen dynamics in situ.

Another major process which regulates the amount of buried carbon is the

dissolution/precipitation of calcite in marine sediments. Model estimations showed that

metabolically mediated COz production is a major process driving calcite dissolution. The

carbonate system is also highly influenced by pressure and therefore the use of in situ systems

is necessary. Recent studies with profiling and chamber landers indirectly measured the rate

of calcite dissolution using Oz, pH and pCOz microelectrode measurements or flux chamber

measurements of dissolved inorganic carbon, alkalinity and Caz
+. We used Oz and pH

microelectrodes together with new developed pCOz - microoptodes and Caz
+ - microelectrodes

to study the sediment carbonate system directly.

There are a number of studies that have investigated the importance of the different

diagenetic pathways in marine sediments, however only a few in situ data are available.

Deploying three benthic lander systems at the same sites gave us the opportunity to measure

the importance of the single carbon degradation pathways in situ. The results distinguish

between the importance of different pathways within the sediment and to determine the

relative amount of each process to the total carbon mineralization.
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Beyond the deep ocean which has a major impact in the global biogeochemical cycles

there exist several small special systems which also have to be taken into account in resolving

the processes controlling the global cycles. One such environment are hydrothermal vent

systems. With the use of manned submersibles, a number of investigations have been

performed to study the deep hydrothermal vent systems but less is known about shallow

hydrothermal vents. Using in situ microsensors we studied the circulation of a shallow

hydrothermal vent system and the impact of enhanced CO2 released by the seep fluid on the

surrounding environment.
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Overview of Research
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As part of my Ph.D. studies I was involved in several cruises, measuring in situ

profiles across the sediment water interface to study biogeochemical processes. Since not all

of these studies are in my thesis a short overview of the individual studies is given below.

I

Wenzhofer F, Kohls 0 and Holby 0

Deep penetrating oxygen profiles measured in situ by oxygen optodes

The first in situ deep penetration oxygen profiles from oligotrophic sediments are

presented. Deep penetrating O2 optodes (working range: 55 cm) in combination with

microsensors (microelectrodes or microoptodes) provide an excellent tool for the study of the

oxygen dynamics in deep sea sediments. The oxygen penetration depth, in conjunction with

02 microprofiles provides a way to evaluate the rate of carbon mineralization within the

sediment. Also the reoxidation of reduced species can be investigated. Due to the strong effect

sediment recovery has on pore water chemistry (oxygen penetration depth decreases up to 50

%) quantification of benthic carbon mineralization has to be determined from in situ

measurements.

II

Wenzhofer F, Adler M, Kohls 0, Hensen C, Strotmann B, Boehme S, Schulz HD

Calcite dissolution driven by benthic mineralization in the deep sea: In situ

measurements of Ca2+, pH, pC02, O2

We present the first ever in situ Ca2
+ microprofiles. These profiles were used to

quantify the flux across the sediment water interface from the Ca2
+ gradient. This is an

important improvement from early studies that estimated calcite dissolution indirectly from

O2, pH and pC02 profiles or from fluxes of dissolved inorganic carbon, alkalinity and Ca2
+

measured with a chamber lander. Our combination of pH, PC02, Ca2
+ and O2 microprofiles

means we can define the pore water carbonate system directly. First measurements in the
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eastern South Atlantic exhibited fluxes of 0.6 mmol m-z d-I for sediments with a low calcite

content.

Modeling our profiles result in a calcite dissolution rate constant of 7000 mol kgw- I a-I

which equals a rate of 663 % d- I
. This value is higher than most of the reported in situ

estimated dissolution rates (0.01 - 125 % d- I), but it is in the range of laboratory determined

numbers (1000 - 3000 % d- I).

III

Wenzhofer F, Holby 0, Glud RN, Nielsen H and Gundersen JK

In situ microsensor studies of a hydrothermal vent at Milos (Greece)

Hydrothermal vent systems create characteristic concentric circles of yellow (sulfur),

white (silicate with drops of sulfur) and brown (manganese) precipitates around a seep outlet.

Microprofiles of Oz, pH, HzS and temperature measured in situ and in the laboratory from the

different vent areas resolved a microcirculative pattern. This circulation induced a downward

transport of oxygenated water, creating small convective cells which efficiently reoxidise

upwardly diffusing HzS.

Laboratory incubations and microsensor profiling indicated that photosynthesis was

not carbon limited and consequently the excess DIe released by the vent system presumably

had no effect on the benthic primary production. However, benthic net primary production is

compared with macrophyte and pelagic primary production, which is of major importance at

this oligotrophic setting.

IV

Greeff 0, Wenzhofer F, Riess W, Weber A, Holby 0 and Glud RN

Carbon oxidation in sediments of Gotland Basin, Baltic Sea, measured in situ by use of

benthic landers

Benthic mineralization processes were measured in situ with three different lander

systems for the first time. A transect from shallow oxygenated bottom water conditions to

deeper oxygen depleted conditions indicated a shift in the importance of the different

mineralization processes. Only at the shallowest station was organic matter decay with
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oxygen of importance. At the remaining oxygenated stations, oxygen uptake was almost

exclusively used to reoxidise sulfide. It was shown that sulfate reduction was the major

carbon mineralization process.

v
Weber A, Riess W, Wenzhijfer F and J~rgensen BB

Sulfate reduction in Black Sea sediments, in situ and laboratory radiotracer

measurements from the shelf to 2000 m

In situ sulfate reduction rates (SRR) were measured on a transect from the oxygenated

shelf to the deep anoxic basin of the Black Sea, to determine the importance of sulfate

reduction at these sites. Measurements of the different mineralization pathways were

performed using three benthic landers (radiotracer, chamber and profiling lander). On the

shelf the predominant mineralization process is oxygen respiration. The importance of sulfate

reduction, increases gradually from the well oxygenated sites to the transition zone (5 - 50 %).

SRR were in the range of 0.2 to 2 mmol m-2 d-1
• The measurements indicate, that the

mineralization of organic matter is limited by bottom water oxygen concentration and quality

of settling organic material.

VI

Riess W, Luth U and Wenzhijfer F

Importance of mussel covered shelf sediments for remineralization processes in the

Black Sea: In situ measurements with a free falling benthic chamber lander

Large areas of the Romanian shelf in the Black Sea are covered with benthic

macrofauna. The impact of this community on organic matter remineralization and oxygen

uptake was studied using three benthic lander systems on a transect from the oxygenated shelf

to the anoxic deep basin of the Black Sea. The study indicated that the macrofaunal biomass

decreased with water depth, while the meiofauna biomass was low except at the station at the

oxic-anoxic transition. The contribution of the macrofaunal community to the total

remineralization of organic matter was in the range of 45 to 70 % compared to mineralization

with oxygen, manganese, iron and sulfate. The benthic community covering the sediment

surface acts as an efficient barrier keeping carbon from reaching the underlying sediment.
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VII

Riess W, Wenzhijfer F and Dittert L

In situ measurements of respiration and metabolism of the deep sea shrimp

Heterocarpus grimaldii (Pandalidae) - a case study

The impact of migrating macrofauna on the carbon flux to the deep sea sediment

surface was investigated using two benthic lander systems. The respiration of four deep sea

shrimps (Heterocarpus grimaldii) captured with a benthic chamber lander was 0.05 /lmol O2

mg wet wf1 d- 1
• The study indicated that organic matter was transported by the macrofauna

from the water column to the sediment surface, enhancing the amount of settling organic

matter. The enhanced organic carbon content of the surface sediment influences the

biogeochemical processes responsible for organic matter decay.
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Abstract
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For the first time in situ deep penetration oxygen profiles were measured in abyssal

sediments in the western South Atlantic. Construction and adaptation of deep penetrating 02

optodes to a benthic profiling lander are described. Opto-chemical oxygen sensors were used

to measure oxygen concentrations to a depth of 55 cm in marine sediments. With a vertical

resolution of 0.5 cm the oxygen dynamics in oligotrophic sediments can be described

adequately, while the oxygen concentration across the sediment water interface needs a

resolution of 100 11m.

Oxygen penetration depth (OPD), diffusive oxygen uptake (DOD) and oxygen

consumption rates were determined at 4 stations north of the Amazon fan and one at the Mid

Atlantic Ridge. Diffusive oxygen uptake rates ranged from 0.1 to 0.9 mmol m'2 d- I
. Carbon

consumption rates calculated from the diffusive oxygen uptake rates were in the range of 0.3

and 3.0 g C m'2 a'l. Comparison between in situ and laboratory DOD and OPD measurements

confirmed previous findings that core recovery have strong effects on the oxygen dynamics in

deep sea sediments. Laboratory measurements yielded a decrease of 50 to 75 % in OPD and

consequently an increase in DOD by 1.5- and 18-times. Deep penetration oxygen optodes

provide a new tool to accurately determine oxygen dynamics (and thereby calculate carbon

mineralization rates) in oligotrophic sediments.
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Introduction

The oceans cover approx. 71 % of the earth, of which approx. 55 % have water depths

grater than 3500 m. In those deep-sea sediments oxygen is the dominant electron acceptor for

organic carbon mineralization and aerobic respiration accounts for more than 90 % of the

carbon oxidation in oligotrophic deep-sea sediments (Murray and Grundmanis, 1980; Bender

and Heggie, 1984; Jahnke and Jackson, 1992). The penetration of oxygen in sediments is

controlled by a number of processes including advection, bioturbation, degradation of organic

material and the reoxidation of reduced substances (e.g. NH4
+, Fe2

+, Mn2
+, HS-). In

oligotrophic deep sea sediments, oxygen consumption is predominantly controlled by the

amount of organic material reaching the seafloor. Remineralization in shallow marine

sediments accounts for approx. 10 % of the organic matter exported from the photic surface

waters, while in deep sea sediments the share can rise up to 45 % (e.g. De Baar and Suess,

1993; Jahnke, 1996). In oligotrophic waters, where the organic matter is efficiently

decomposed during descent in the water column, less than 0.1 % of the primary production is

permanently buried in the sediment (Berger, 1989). The oxygen penetration in such sediments

often reaches several decimetres or even meters (Murray and Grundmanis, 1980; Rutgers van

der Loeff, 1990).

Oxygen glass electrodes have been an excellent tool for studies of the oxygen

dynamics in marine sediments (Reimers et al., 1986; Revsbech and J¢rgensen, 1986;

Revsbech, 1989a; Glud et aI., 1994). However, the profiling length of glass electrodes is

limited, and for in situ measurements, the maximum working depth is 10 to 15 cm.

A common indirect method to define the base of the oxic zone in marine sediments is

to determine the Mn2
+ profile in pore waters. The zone were Mn2

+ is depleted is considered to

be equal to the oxygen penetration depth (Froelich et aI., 1979; Sayles and Livingston, 1987;

eai and Sayles, 1996). There are still some uncertainties in the exact penetration depth of

oxygen in such sediments, and until this study, deep O2 penetration profiles have not been

measured in situ.

Recently Klimant et aI. (1995) adapted the optode technique for measuring oxygen

concentration in aquatic biological systems. The optode technique is based on dynamic

quenching of a luminophor by 02 which is immobilised on a fiber cable (Klimant et aI., 1995;

Klimant et aI., 1997b). Glud et al. (1999) showed that microoptodes are an alternative to

electrodes for use on benthic lander systems. Oxygen optodes are easier to manufacture, and
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they do not consume oxygen and therefore are insensitive to stirring. For benthic lander use,

they also have better long-term stability.

To determine in situ O2 penetration occurring at depths greater than those accessible

by glass electrodes, a new deep penetration O2 optode for benthic profiling lander use was

developed. We describe here the construction of deep penetrating oxygen optodes, their first

in situ application in the South Atlantic and discuss the results in relation to depth resolution

and benthic mineralization.

Materials and Methods

Study area

This study was performed during a cruise in MarchiApril 1997 aboard the RN Meteor

in the South Atlantic. In situ lander deployments were made at 4 stations north of the Amazon

fan at water depths between 3511 m and 4487 m (Table 1 and Fig. 1). A fifth deployment was

performed at the mid Atlantic ridge at a water depth of 3185 m. The bottom water

characteristics and the organic carbon content of the surface sediment are summarised in

Table 1.
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Fig. 1: Map of the western South Atlantic showing the station locations.
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Table 1: Geographical positions and water depths of the investigated stations. Bottom water
(BW) oxygen concentration and temperature (T) and surface sediment organic carbon content
(Corg) for all 5 stations.

station position depth T BWoxygen Corg
1

[m] [OC] [pM] [%]

4401 0445.706N 4345.861 W 3353 2.8 263 0.39
4409 0338.459 N 4514.466 W 3849 2.6 273 0.42
4417 0508.246 N 4634.533 W 3511 2.8 278 0.64
4419 0940.209 N 5415.454 W 4487 2.5 265 0.78
4421 1659.379 N 4600.918 W 3185 3 257 0.31

I data supplied by Dr. C. Hensen Geology Dept., University of Bremen

In situ measurements

An autonomous profiling lander (Fig 2A) was used to measure the oxygen dynamics

and oxygen penetration depth in deep sea sediments (Reimers et aI., 1986; Gundersen and

J¢rgensen, 1990). During this cruise a modified version of the profiling lander described by

Glud et aI. (1994) was used. Our profiling lander was equipped with two measuring systems

(Fig. 2). Electro-chemical measurements were performed with a modified electronic system

used by Glud et aI. (1994). The electro-chemical electronic unit controls the glass electrode

measurements, the bottom water sampling and lander release mechanism. The opto-chemical

electronics is separated from the electro-chemical electronics in a separate pressure housing,

and is comparable to the system described by Glud et al. (1999). The separation allows

independent use of the two systems.

Lander-Optode-System

To measure deep sediment oxygen profiles a new elevator system (Fig. 2B) for driving

the sensors into the sediment was designed. This system consists of a platform which carries 4

oxygen optodes, driven by a step controlled motor. The optoelectronics are a modified version

of the electronic system described by Glud et aI. (1999). The oxygen optode sensors are

constructed by placing the fiber cable in a stainless steel tube (length: 95 cm and diameter: 6

mm), with a I mm diameter needle used as sensor tip (Fig. 2C). During this cruise the

complete profiling length was set to 55 cm with a step resolution of 0.5 cm.
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Fig. 2: Schematic drawing of: (A) the profiling lander system, (B) optode elevator system
with oxygen optodes and (C) deep optode sensor and a magnification of the sensor tip with
the sensor chemistry.

The oxygen optodes are constructed from multimode silica-silica step index fibers

with 100 /lm core diameter and 140 /lm cladding diameter (RADIALL Fiber-Optik,

Rodermark). The design of the sensor tip is shown in Fig. 2C. The fiber is glued in the

injection needle so that only a short part (approx. 1 mm) of the fiber extends out of the

needle. The oxygen sensitive dye, a ruthenium-diphenylphenanthroline perchlorate complex

in polystyrene (5 mM), is immobilised on the fiber tip. To avoid artefacts from reflection of

sediment particles, the sensor tip is coated with black silicone. Because of the coating and the

sensor size (140 /lm) the response time increases (longer diffusion distances) and therefore

the complete measuring time was set to 3 min at each step interval. Two optode fibers were
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connected to one detector (Photomultipliere, PMT) by an optical switch, leading to alternate

readings of the sensors. After a delay of 40 sec, the sensor signal was recorded 10 times from

one sensor and then 10 times from the second sensor. This routine was repeated 3 times, so

that a data set of 3 sets of 10 signals for each sensor were recorded. The first two signal

records of each set of 10 were deleted (due to a time delay of the optical switch; Glud et al.,

1999) and the remaining readings were averaged for each depth.

The calibration of the optode signal versus the oxygen concentration was done in situ,

using a 2 point calibration. The constant reading in the bottom water before profiling is taken

as bottom water concentration, determined by Winkler titration of a water sample. The

constant reading in the anoxic part of the sediment is taken as zero oxygen. The in situ

calibration was checked by an onboard calibration at in situ water temperature after

compensation for pressure and PMT temperature (Glud et al., 1999).

To calculate the oxygen concentration from the recorded signal, an empirical relation based on

the Stem-Volmer equation is used (Stem and Volmer, 1919; Klimant et al., 1995):

Io/Ic = [(0.85/(Ksv C) + 1) + 0.15r1

Where 10 and Ie are the luminescent intensities in the absence and presence of O2 at an oxygen

concentration C, respectively. The quenching constant, Ksv quantifies the quenching

efficiency.

Lander-Electrode-System

In situ microelectrode measurements were also made in the upper 10 cm of the

sediment using a profiling unit described by Glud et al. (1994) and Gundersen and J¢rgensen

(1991). The system was equipped with 4 oxygen electrodes, which were lowered in vertical

steps of 100 11m into the sediment. At all stations where electrode measurements were

performed, 2-3 successful profiles were obtained. The oxygen microelectrodes were of Clark

type with an internal reference (Revsbech, 1989). The tip diameter of the electrodes was 5 

20 11m, with a stirring sensitivity < 1% and a 90 % response time < 2 sec. The sensors were

calibrated using the in situ bottom water oxygen concentration and the zero value recorded

onboard at in situ temperature. All sensors (opto-chemical and electro-chemical) were

checked for signal drift by comparing the reading in the bottom water before and after the

profiling. Photographs of the sensors during profiling into the sediment were taken every 20

min. with a camera system (PHOTOSEA MODEL 1000A) mounted on the lander (Fig. 3).
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Fig. 3: Photograph of the sediment surface at GeoB 4419. Oxygen optodes can be seen in the
front, while the microelectrodes penetrating across the sediment surface can be observed in
the back.

Laboratory measurements

Oxygen profiles were also measured shipboard on sediment cores recovered by a

multiple corer (Barnett et aI., 1984). The sediment surface appeared undisturbed, and the

overlying water was clear, but during recovering the temperature in the overlying water

increased up to 17°C. Directly after recovery the cores were incubated at in situ temperature

and oxygen concentration. The overlying water was gently stirred to create a DBL similar to

in situ conditions (Rasmussen and J0rgensen, 1992). Oxygen microprofiles were measured

with microelectrodes mounted on a motor-driven micromanipulator controlled by a computer

(Revsbech and J0rgensen, 1986). The oxygen microelectrodes were of the same type as the

microelectrodes used for in situ measurements.

Calculations

The thickness of the diffusive boundary layer (DBL) was determined directly from the

measured microprofiles. The transition between the homogeneous oxygen concentration in

the turbulent bottom water and the linear gradient in the DBL was used as the upper DBL

boundary (J0rgensen and Revsbech, 1985). The lower DBL boundary was determined from
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the change in slope of the oxygen concentration gradient across the sediment water interface

due to the impeded diffusion in the sediment relative to that in the water (Sweerts et al.,

1989). To calculate the diffusive oxygen uptake (DOD) of the sediment, Fick's first law was

used: DOD = Do dC/dz, where Do is the molecular diffusion coefficient in water at in situ

salinity and temperature (corrected from Li and Gregory, 1974 and Broecker and Peng, 1974)

and dC/dz is the linear oxygen concentration gradient in the DBL. At station GeoB 4421 only

optode measurements with a step resolution of 0.5 cm were performed. Therefore the DBL

could not be determined and the oxygen flux was calculated from the O2 gradient just below

the sediment surface using Fick's first law as well as the empirical relations for the sediment

diffusion coefficient: DOD =0 Ds dC/dz and Ds = Do 0 m.l, where 0 is the porosity, Ds t4e

sediment diffusion coefficient and m =3 (Berner, 1980; Ullmann and Aller, 1982). Oxygen

consumption rates were modelled using constant porosity in the oxic zone and a zero order

kinetics for the oxygen consumption (Nielsen et al., 1990). The oxygen penetration depths

from station GeoB 4401 and 4409 were modelled using the two layered oxic zone model from

(Epping and Helder, 1997). The model uses two discrete consumption rates in each sublayer

to fit to the measured oxygen profiles. The amount of degraded organic carbon was calculated

from the diffusive oxygen uptake assuming steady state and a C:O ratio of 0.77 (Froelich et

al., 1979; Berner, 1980).

Results

Oxygen dynamics at GeoB 4419 were measured simultaneously with optodes and

electrodes (Fig. 3). Both methods exhibited a similar decrease in oxygen concentration, while

the anoxic sediment horizon was only reached by optodes (Fig. 4A). The penetration depth of

oxygen measured with the deep penetrating optodes was 11 cm.

An enlarged sequence of the oxygen profile illustrates the linear oxygen decrease in

the DBL, which is used to calculate the diffusive oxygen uptake, and a change in slope of the

O2 gradient at the sediment water interface is apparent (Fig. 4B). Due to the low resolution

(0.5 cm) for optode measurement, only one signal record of each optode just below the

sediment surface was recorded (Fig. 4B). The estimated thickness of the DBL at GeoB 4419

was 600 /lm. The average DBL of the other stations varied between 600 and 950 /lm (Tab. 2).
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Fig. 4: Comparison of high resolution oxygen electrode (closed symbols) and low resolution
oxygen optode (open symbols) profiles measured at GeoB 4419 in 4487 m water depth.
Magnification shows the DBL at the sediment water interface.

Oxygen profiles from the 5 stations in the Equatorial South Atlantic are shown in Fig.

6. Oxygen penetration depth ranged from 11 to 26 cm at GeoB 4417, 4419 and 4421 (Tab. 2).

At station GeoB 4401 and 4409 where only microelectrode measurements were obtained, the

sensors did not penetrate into the anoxic zone and consequently the oxygen penetration depth

could only be modelled (8 and 9 cm (± 1 em) respectively; Tab. 2). Diffusive oxygen uptake

rates (DOD), calculated from the linear gradient in the DBL of the oxygen profiles ranged

from 0.1 and 0.9 mmol m-2 dol (Tab. 2).

Oxygen consumption rates from station GeoB 4417 and 4419 indicated high activities

at the sediment surface (Fig. 7). At GeoB 4419 the oxygen profile exhibited a consumption

rate of 4.4 nmol cm-3 dol over the first 7 cm, resulting in a decrease of organic carbon from 0.8

to 0.5 % over the upper centimetre of the sediment (Fig. 5). While at GeoB 4417 the oxygen

consumption rate was constant with depth resulting in a decrease in organic carbon of approx.

0.2 %(ww) (Fig. 5 and 7).
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Table 2: Oxygen penetration depths (OPD), diffusive boundary layer thickness (DBL),
diffusive oxygen uptake (DOD) and organic carbon consumption rates (CCR) measured in
situ and shipboard. Values in parentheses indicate the numbers of profiles used for each
detennination.

laboratory
OPD DBL DOU
[em] [pm] [mmol m-zd-1]

in situ
station OPD DBL DOU CCR

[em] [pm] [mmol m-z d-1] . [g C m-z a-I]

4401 8 (1) 1 800 0.9 (1) 3.0
4409 9 (2) 1 950±36 0.6 ± 0.06(2) 2.0
4417 12 (1) 700 0.4 (1) 1.3

4419 11 (3) 600±33 0.5 ± 0.02(3) 1.7
4421 26 (2) n.d. 0.1 ± 0.01(2) Z 0.3

5.7 ±O.3 (3) n.d.

2.9 ±O.3 (6) 500 ±65
n.d.

0.56 ±O.06
(3)z

9.0 ±O.2-(6)

1 OPD modelled from microelectrode profiles (Epping and Helder, 1997)

2 DOU calculated from optode profile

n.d. not determinable due to measuring resolution of 0.5 cm
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Fig. 5: Organic carbon content at the five stations.

At 2 stations (GeoB 4417 and 4419) laboratory oxygen profiles were measured on

cores using 02 rnicroelectrodes to compare to in situ detenninations of DOD and OPD. At

both stations 4417 and 4419, the oxygen penetration measured in the laboratory was much

shallower than the in situ depths (Tab. 2). At station 4417 the OPD decreased from 12 cm (in



Deep penetrating oxygen profiles measured in situ by oxygen optodes 31

situ) to 6 cm (lab) resulting in a calculated DOD that was 1.5-times higher than the in situ

value. At station 4419 the OPD decreased from 11 cm to 3 cm thereby predicting a DOD that

was I8-times higher than the in situ 02 uptake rate.
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Fig. 6: In situ oxygen profiles. GeoB 4401 and 4409 electrode measurements; GeoB 4417
and 4419 electrode (closed symbols) and optode (open symbols) profiles; GeoB 4412 optode
measurement.

Discussion

High and low resolution profiles

In oligotrophic deep sea sediments only a small percentage of organic material

produced in the surface water reaches the seafloor. This leads to very low oxygen respiration

rates and consequently, the oxygen concentration gradient changes only slightly with depth

and oxygen can penetrate deep into the sediment. These conditions allow us to describe the 02

dynamics quite well with a vertical resolution of 0.5 cm (our optode resolution). However,
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most deep sea sediments have a DBL between 0.2 and 1.5 mm, depending on the flow

velocity in the water above the sediment surface and the roughness of the solid surface

(Archer et al., 1989b; Glud et aI., 1994). With our step resolution of 0.5 cm the DBL is

impossible to detect. To calculate oxygen uptake rates from the linear concentration gradient

in the DBL, a finer vertical resolution is necessary. Even rates calculated from a profile

resolution of 1 mm predicted lower rates than calculated from 0.25 mm resolution profiles

(eai et aI., 1995). On the other hand high resolution profiles leads to a long overall

measurement time if used to determine OPD in oligotrophic sediments with oxygen

penetration of several decimetres. Our results indicate that a step resolution of 100 J..Lm for the

first 2 cm (for determination of the DBL) and a further vertical resolution of 0.5 cm (for

oxygen penetration depth) are optimal for measuring the oxygen dynamics in marine

sediments of an oligotrophic area. The combination of rnicroelectrodes and deep penetration

optodes allows us to compare oxygen uptake rates determined from gradients in the diffusive

boundary layer with rates modelled from the oxygen penetration depths. Deep oxygen profiles

can also be used to estimate the oxygen consumption rates and compare the rates with the

degradation of organic matter in the sediment.

GeoB 4417 GeoB 4419
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Fig. 7: Oxygen consumption rates at station GeoB 4417 (3511 m) and 4419 (4487 m)
modelled from an in situ oxygen optode profile.
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Comparisons of in situ and laboratory measured OPD and DOD rates exhibit strong

differences, especially in sediments from abyssal depths. The pore water chemistry of the

recovered cores is altered or compacted due to decompression and warming effects (Yayanos

and Dietz, 1982; Smith and Hinga, 1983; Turley et aI., 1988; Glud et aI., 1994; Glud et aI., in

press). This may lead to unrealistic zonations of the chemical species measured in the

laboratory. Therefore indirect determinations of the oxygen penetration depth (e.g. Mn2
+

depletion depth from porewaters; Froelich et aI., 1979; Cai and Sayles, 1996) measurements

may underestimate the oxygenated sediment zone and consequently overestimate the

mineralization of organic matter by oxygen in those oligotrophic sediments.

Comparison ofoxygen uptakes rates

A comparison of our measured fluxes with a global benthic oxygen flux map (Jahnke

and Jackson, 1992; Jahnke, 1996) showed that the model estimated fluxes of 0.06 - 0.25

mmol m-2 d-I slightly underestimate our measurements. Oxygen fluxes calculated from in situ

microprofiles were 2- to 4-times higher than those estimated from the global maps. However,

at the mid Atlantic ridge (GeoB 4412) the in situ rates were similar to the calculated oxygen

fluxes for this area (Jahnke and Jackson, 1992; Jahnke, 1996). Mineralization rates measured

at similar water depths in the Equatorial Pacific exhibit values between 0.40 and 0.46 mrnol

m-2 d-I, respectively (Berelson et aI., 1997), which is in the range of our measured rates of 0.4

to 0.9 rnmol m-2 d-I (Tab. 2).

In shelf sediments, oxygen consumption rates show two peaks, at the sediment surface

and at the oxic-anoxic interface. The latter results from reoxidation of reduced compounds

(J¢rgensen, 1982). The low uptake rates, the absence of secondary peaks and deep penetration

of oxygen suggest that reoxidation and other mineralization processes are of minor importance

at these oligothrophic stations (Fig. 6). Our results support the argument that in deep sea

sediments oxygen is the dominant electron acceptor for mineralization of organic material

(Jahnke and Jackson, 1992).

Assuming steady state oxygen dynamics and a C : 0 ratio of 0.77 (Berner, 1980), the

carbon consumption rates range between 0.3 and 3 g C m-2 a-I at our stations (Tab. 1). The

supply of organic matter from surface waters through the water column to the sediment

surface can be calculated from transport equations (Betzer et al., 1984; Berger et al., 1987)

using the primary production estimates from Berger (1989). With an annual productivity for

oligotrophic areas between 40 - 60 g C m-2 a-I, only 1 - 2 % of the organic matter reaches the
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sediment-water interface. Carbon consumption rates modelled from our DOD data indicate 2

to 3 times higher values. This result is in agreement with other in situ studies, where the

carbon consumption rates calculated from benthic oxygen uptake rates were up to 3-times

higher than estimations from surface primary production (Smith et aI., 1989; Jahnke et aI.,

1990; Walsh, 1991).

A more seasonally characterised primary production, as reported for this area, may

lead to a higher export rate (Muller-Karger et aI. 1988). Furthermore, there is evidence for

relatively fast sinking rates of the particles and therefore more organic carbon could reach the

sediment water interface (Berger et aI., 1989; Berger and Wefer, 1990). The impact of

episodic changes in the input of organic matter on oxygen consumption rates and penetration

depths was stressed by Gehlen et aI. (1997) in deep-sea sediments of the western

Mediterranean. They found an increase of oxygen uptake rates ranging from 1.26 to 1.82 /lmol

m-2 d- l at different organic carbon contents. The corresponding change in carbon

mineralization rate, however, was small and the required increase of reactive organic carbon

was 1 % of the surface organic carbon content (0.6 % wt/wt) (Gehlen et aI., 1997). Further

processes that enhance the organic matter flux to the seafloor are lateral transport of sediment

particles (Walsh et aI., 1981) and migration of benthic organisms (Jahnke et al., 1990).

Conclusions

We present the first in situ deep penetration O2 profiles from oligotrophic sediments.

Oxygen dynamics in these oligotrophic sediments were determined using a combination of

microsensors (for measuring steep oxygen gradients in the DBL) and deep penetrating optodes

(for measuring the oxygen penetration depth). Due to the strong effect that sediment recovery

has on pore water chemistry, previous determinations of oxygen penetration depth from

shipboard or pore water Mn2
+ profiles may overestimate the amount of organic matter

mineralizated with oxygen. Benthic respiration is supported by the rain of organic matter from

surface waters, but estimated fluxes at same oligotrophic settings from surface production and

benthic mineralization exhibit different values. Our results indicate the need for continued in

situ profiling in oligothrophic sediments to estimate the importance to carbon remineralization

world wide.
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Abstract

In situ measured microprofiles of O2, pH, pC02 and for the first time Ca2
+ were

performed to quantify the CaC03 dissolution and organic matter mineralization in marine

sediments in the eastern South Atlantic. Further, a numerical model was used to simulate the

organic matter decay with oxygen and to estimate the calcite dissolution rate. Metabolic C02

drives calcite dissolution in these sediments overlain by supersaturated water. Fluxes across

the sediment water interface calculated from the in situ Ca2+ microprofiles were 0.6 mmol m-2

d-I for two stations at a water depth of 1300 m. The C02 that is produced in the sediment

dissolves up to 85 % of the calcite rain to the seafloor. Modeling our 02, pH and Ca2
+ profiles

from one station predicted a calcite dissolution rate constant for this calcite-poor site of 7000

mol kgw a-I, which equals 663 % d-I. This rate constant is the highest ever reported in situ

value, but still in the range of laboratory rates.

Diffusive oxygen uptake (DOU) and oxygen penetration depth (OPD) were measured

at four stations along a 1300 m isobath of the eastern African margin and one in front of the

river Niger at a water depth of 2200 m. DOD rates were in the range of 0.3 to 3 mmol m-2 d-I

and showed a decrease with increasing water depth, corresponding to an increase in OPD.
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Introduction

Burial of carbon as CaC03 and organic matter in marine sediments is a major process

in the oceanic carbon cycle and consequently it is the major driving force in the global carbon

cycle (Broecker and Peng, 1982; Wollast et aI., 1993). Calcium carbonate precipitation or

dissolution alters the carbonate system of seawater causing a change in the CO2 content at

chemical equilibrium in surface waters and hence atmospheric pC02 (Broecker and Peng,

1987). Archer and Maier-Reimer (1994) pointed out that changes in preservation/dissolution

of CaC03 in the deep sea are required to explain the shifts in atmospheric pC02 of glacial

interglacial transitions.

As carbonate sinks through the water column, calcite dissolution is mainly driven by

the saturation state of the water which is dependent on the pressure and pH. However once the

carbonates reach the seafloor secondary processes can alter these materials. A major benthic

process influencing carbonate preservation/dissolution in deep sea sediments is the oxidation

of organic matter. The first model to estimate the influence of organic matter on carbonate

dissolution in deep sea sediments was presented by Emerson and Bender (1981). In their

model, the importance of determining the depth distribution of organic matter oxidation was

emphasized, because metabolically mediated CO2 causes CaC03 dissolution within

sediments, even when the overlying water is supersaturated with calcite.

The extent and efficiency with which metabolic CO2 leads to CaC03 dissolution

depends on a number of factors which themselves are likely to vary in different environments

including the saturation state of the overlying water, the depth profile of organic carbon

mineralization rate, the CorgiCaC03 ratio of the sedimenting particulate matter, and the

dissolution kinetics of CaC03. The study of CaC03 dissolution in deep sea sediments has

been advanced in previous years by the deployment of in situ benthic flux chambers (Berelson

et aI., 1990; Jahnke et aI., 1994, 1997) and in situ microprofilers (Archer et al., 1989a, Hales

et al., 1994, 1996). However, in most in situ microprofiling studies, O2 and pH microprofiles

were used to constrain the dissolution rate of calcite. The CaC03 saturation state of the pore

water can not be defined with pH values, and so recent investigations used pC02 sensors in

combination with pH and 02 to estimate in situ CaC03 dissolution (eai et al., 1995; Hales et

al., 1997). CaC03 dissolution rates based on these microprofiles measurements predict that <

50 % of the sedimenting CaC03 dissolve (Hales et aI., 1994, 1996; Hales and Emerson,

1997a; Emerson and Archer, 1990; Archer, 1991; Martin and Sayles, 1996), while in situ

benthic flux chamber measurements do not always support high rates of metabolically driven

CaC03 dissolution (Jahnke et aI., 1994). A combination of benthic chamber and
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microelectrode measurements from California continental margin sediments exhibited that

benthic fluxes of alkalinity and inferred CaC03 dissolution rates can only be fully reconciled,

if the influence of metabolically produced COz is included (Jahnke et al., 1997). Based on this

recent study Jahnke et al. (1997) concluded that the extent of metabolic CaC03 dissolution

may vary regionally.

In previous studies, rates of CaC03 dissolution have been determined either indirectly

using Oz, pH and pCOz sensors to define carbonate systematics, or by measuring fluxes of

Caz
+ in samples collected with benthic chambers. In this study we have directly measured

Caz
+ profiles in situ with a Caz

+ microsensor. The preliminary results from this microsensor

were used in combination with the classic microelectrodes (Oz and pH) and a recently

developed COz microoptode to describe the saturation state of the pore water and the calcite

dissolution rate. Furthermore the model CoTReM was used to evaluate the measured profiles,

using one-dimensional early diagenetic and thermodynamical equilibria reactions. The

simulation quantifies the interdependency of the four different chemical profiles (Oz, pH,

pCOz, Ca2+) and determines the calcite reaction rate.

O'

10'5 __---f---+---~-~c-+~.-7-_l__4'~

Fig. 1: Locations of the 5 stations along the African coast
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Material and Methods

Site description

Lander deployments were performed on the continental slope off west Africa, on a

RN Meteor cruise in February and March of 1998. Four stations were located on the 1300 m

isobath along the continental slope. Additionally, a fifth station was located at a water depth

of 2200 m in front of the river Niger (Fig. 1). Geographical locations and bottom water

characteristics are summarized in Table 1. The individual and accumulated percent of organic

carbon and calcite versus depth in the sediment is illustrated in Fig. 2. Surficial sediments at

all stations have an organic carbon content of approx. 3.5 %, except station 4901 (2200m

water depth) with 1.5 %. Additionally, the calcium carbonate content in surface sediments at

all stations, except 4901, is low, ranging from 1 -11 %. With increasing depth, CaC03 content

increases at all stations (Fig. 2). The porosity at all stations decreases from 0.9 at the surface

to 0.8 at 30 cm (data not shown).

Table 1: Geographical position of the stations and bottom water charcteristics.

station position depth T pH O2
[m] [0C] [~M]

4901 02°40.77 N 06°43.82 E 2185 3.5 7.97 233 1.31
4906 00°41.17 S 08°22.94 E 1251 4.6 7.9 184 1.24
4909 02°04.35 S 08°37.54 E 1317 4.6 7.92 184 1.55
4913 05°29.91 S 11°04.46 E 1303 4.5 7.89 194 1.45
4917 11°54.40 S 13°04.36 E 1300 4.2 7.89 190 1.27

In situ measurements

At each station, in situ measurements were performed using an autonomous profiling

lander (Reimers et aI., 1986; Gundersen and J¢rgensen, 1990). The profiling lander was used

to measure microprofiles of O2, pH, pC02 and Ca2
+ across the sediment water interface.

During this study our profiling lander consisted of two measuring systems (electro-chemical

and opto-chemical), a Niskin bottle for bottom water characterization and a time lapse

camera.
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Fig. 2: Sediment content of calcite (dark) and organic carbon (light)

In situ microelectrode measurements

Microelectrode measurements were made in situ using an updated version of the

system used by Glud et al. (1994). On each deployment the rnicroelectrode system consisted

of 4 02 rnicroelectrodes, 3 pH rnicroelectrodes, 1 Ca2
+ rnicroelectrode and one reference

electrode. The sensors are driven down into the sediment with a step resolution of 100 /lm. At

each measuring horizon the electrode signals were stored after 30 sec to guarantee equilibrium

between the surrounding water and the electrode. The electrodes were checked for drift by

comparing the signal in the bottom water before and after sediment profiling.

O2 microelectrode

The oxygen rnicroelectrodes were of Clark type with an internal reference (Revsbech,

1989a). All electrodes had an outer diameter between 10 - 30 /lm, a stirring sensitivity < 1 %

and a 90 % response time of < 2 sec. A two point calibration of the sensors was made in situ

using the constant signal in the bottom water and in the anoxic zone of the sediment.

pH microelectrodes

The pH rnicroelectrodes were constructed as described by Revsbech et aI. (1983). The

outside tip diameter of the pH sensitive glass was 20 - 30 /lm. A two point calibration was
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performed to determine the slope of each pH electrode. The pH sensors were immersed in sea

water at in situ temperature and the pH was changed by adding small amounts of acid

(H2S04). A commercial pH electrode was used to determine the pH at each calibration point.

Ca2
+microelectrodes

Liquid ion-exchanging membrane (LIX) microsensors for Ca2
+ with solidified tips

were prepared as described by Ammann et al. (1987) (Fig. 3A). Green soda lime glass tubes

(8516, Schott) were pulled to a tip of approximately 10 - 20 11m using a heat coil and then

silanized. LIX I consisted of a solution of 5 % (wt/wt) Calcium Ionophore IT (ETH 129) and 1

% (wt/wt) potassium tetrakis(4-chlorophenyl)borate in 94 % (wt/wt) 2-nitrophenyl octyl ether

and was used as ion-exchange membrane. LIX II was a mixture of LIX I and 10 % (wt/wt)

poly(vinylchloride) diluted with 3 volumes of tetrahydrofuran. All chemicals used were

obtained from Fluka. The electrodes were back-filled with 10 mM CaCI solution and a

solidified membrane was created in the tip, by pulling first LIX I and then LIX II into the

sensor tip. Calibration was done in a dilution series of Ca2
+ in a calibration solution with the

ionic strength of sea water (adding MgCI2, KCI and NaCl).

In situ microoptode measurements

The electronics for the optode measuring system were stored in a pressure stable

housing and modified from Glud et al. (1999) and WenzhOfer et ai. (submitted). As a light

source, a light emitting diode (LED) was used and light with a wavelength of 450 nm was

guided through the fiber to the pH sensitive dye solution in the sensor tip. Emission light of

520 nm was guided back to a photomultiplier used as the detector. On each deployment the

optode-system was equipped with 2 CO2 microoptodes.

COrmicrooptode

CO2 microoptodes were constructed as described by KoWs et al. (1997b) (Fig. 3 B).

The optode housings were made of a glass capillary pulled to an outer tip diameter of 20 11m

and sealed with a CO2 permeable silicon membrane (E 43 silicon). The internal dye solution

contains 0.5 M Hydroxypyrenetrisulfonacid (HPTS, Fluka) in which 1 mg ml-1 carbonic

anhydrase was added and adjusted to a pH of 8 (deBeer et aI., 1997a). A multimode

silica/silica step index optical fiber (100/140 11m core/cladding diameter) was tapered down to

tip diameter of approximately 15 11m and inserted into the housing so that the dye solution

was only in front of the fiber (Fig. 3 B). The back of the optode was filled with paraffin oil.
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Fig. 3: Schematic drawing of the Ca2+-LIX-microelectrode (A) and the C02-microoptode
(B). The magnification shows the chemical reaction occurring in the sensor tip.

The C02 microoptode was calibrated by determining the slope of the signal using a

series of 5 sea water samples at in situ temperature with different pH values. Subsequently,

the optode readings from each in situ profile were referenced to its readings in the overlying

water, and the calibration slope and calculated pC02 in the bottom water were used to

determine pC02 concentrations at each profiling depth. The pC02 concentration of the 5

calibration samples and the bottom water were calculated from measured pH values

(Commercial pH electrode; RADIOMETER), DIC concentrations, and equilibrium

relationships and constants from Weiss (1974) and Roy et al. (1993).

The C02 microoptodes were driven on a profiling device separated from the

microelectrode system. The microoptodes were moved in increments of 200 !-lm for the first 7

cm and for the following 8 cm a resolution of 500 !-lm was used. The sensors were kept at

each depth horizon for 3 min; after a 30 sec delay the microoptode signals were recorded 10

times every 20 sec until the 3 min were completed. The first two signal records of each set of

ten were deleted due to a time delay of the optical switch which connects two microoptodes to

one detector (Glud et al., 1999).
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Bulk sediment measurements

The total carbon content was measured in dried and ground sediment subsamples

taken from sediment cores. The analysis was conducted with a FISONS Instruments

elemental analyzer (NA 1500 N) using sulfanilamide as analytical standard. To determine

inorganic carbon, 0.3 - 0.5 g of dried sediment was acidified with 15 rn1 0.5 N hydrocWoric

acid in gastight bottles. The evolved CO2 in the headspace was measured by gas

chromatography with thermal conductivity detection. Organic carbon content was determined

as the difference of total carbon and inorganic carbon content (Cutter and Radford-Knoery,

1991).

Calculations

The in situ oxygen microprofiles were used to determine the thickness of the diffusive

boundary layer (DBL) (Sweerts et al., 1989). The diffusive oxygen uptake (DOU) was

calculated from the microprofiles in the diffusive boundary layer above the sediment surface

using Fick's first law:

DOU =Do dC/dz (1)

where Do = molecular diffusion coefficient in water (from Li and Gregory, 1974 and Broecker

and Peng, 1974; corrected for temperature and salinity) and dC/dz =linear gradient of oxygen

within the DBL. Diffusive fluxes of Ca2
+ were obtained using the sediment profiles and Eqn.

(1) as well as the empirical relations for diffusion coefficients in the sediment:

J =<l> DS,i dC/dz (2)

and

Ds,i =Do <l>m-l (3)

where 41 =porosity, DS,i = diffusion coefficient in the sediment of species i corrected for

temperature and pressure (Li and Gregory, 1974; Broecker and Peng, 1974) and m = 3

(Ullmann and Aller, 1982; Berner, 1980).

Model (CoTReM) description

The complete description of the computer model (CoTReM) (Hensen et aI., 1997) is not

within the scope of the present study, however, a brief overview of the capabilities of the

software is given below. A more detailed description of the developments to the model is

available in Adler et. al. (in prep.).

CoTReM calculates one-dimensional transport and reaction of species in porous media.

The general diagenetic equation, a partial differential equation (PDE) as proposed by Berner
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(1980) is used as the modeling approach. Equation (4) is written for the homogeneous one

dimensional case. This is independent of porosity and applies to a homogeneous model area

(or cell).

Species cone. Diffusion and Dispersion

mol
(4)

1· a

i
Sediment advection

i
Bioirrigation

i
Reactions

with: Gj: concentration of the ilb-species t: time

Dj : sum of diffusion (of the ilb-species) x: sediment depth

and dispersion coefficient Ri: reaction rate of the ilb-species (source term)

v: sedimentation rate Co,;: bottom water concentration of ilb-species

(plus flow velocity, if applicable) ax: exchange coefficient of depth x

The discretisation in one-dimensional space divides the model area into a series of

cells. The thickness of the cells vary with depth. The transport and chemical processes are

calculated independently and follow the operator-splitting-method (Fig. 4).

Transport

In this simulation, bioirrigation, dispersion and sedimentation are not induded,

therefore the diffusion PDE can be defined by:

i = 1,K ,nj mol / ( I· a). (5)

D is constant in a cell (variable with depth due to changes in porosity) for each species and is

solved in a system of linear PDEs simultaneously for all cells.

Chemical Reactions

The operators R j change the concentration of chemical species within a cell without

being dependent on other cells:

i=l,K,n j mol/(l· a) (6)
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The chemical reactions are split in irreversible redox reactions and thermodynamic equilibria

calculations.

Non-Steady State Modelling (CoTReM)
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Fig. 4: General structure of the model CoTReM.

The results of redox reactions 0 I C; (species, depth) are controlled by depth-dependent

maximum rates for each implemented redox reaction in CoTReM. These are reduced to actual

rates R(reaction, depth), if any of the participating species at any depth are not available in

sufficient quantities. The change of the concentration distributions are calculated with the

stoichiometric coefficients of the reaction SC(species, reaction) and the numerical time step dt:

dt· 0 t Ci (species, depth) =R(reaction, depth) . dt . SC(species, reaction) (7)

Finally, the thermodynamic equilibrium reactions are calculated in each cell separately with

the algorithms of PHREEQC (Parkhurst, 1995), which are incorporated in CoTReM.

Up to this point, the processes (transport and reoxidation) are calculated using species

concentrations. However, thermodynamic equilibrium distributions of species or

dissolution/precipitation processes depend on species activities rather than concentrations.

PHREEQC applies activities to each ion or complex in the porewater solution. Then, the ion

activity product lAP is used in relation to dissociation constants KSpecies and solubility

products Ksp, Mineral (only calcite used within this study) to equilibrate the mineral phases to all

ions and complexes in the modeled porewater solution. For calcite dissolution, a kinetic

reaction similar to the one suggested by Keir (1980) is used. The dissolvable part of the

calcite concentration dC [mol/kgw] within a time step is calculated according to:

dC=DR· dt

DR =k· ( 101
- ~ineral) n

(8)

(9)
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QMineral =lAP / Ksp• Mineral

51 =log 10 .aMine,al

47

(10)

(11)

Ksp• Mineral [ - ]

With:

de [mol / kgw]

dt [ a]

DR [ mol / (kgw . a) ]

k [ mol / (kgw . a) ]

n [ - ]

QMineral [ - ]

lAP [ - ]

51 [ - ]

Calcite concentration

Time step

Dissolution rate

Dissolution rate constant

Reaction order

Saturation state of the mineral

Ion activity product

Solubility product of the mineral, dependent

of temperature and pressure

Saturation index of the mineral

The time step is ended with these PHREEQC calculations for all cells.

Results

In situ O2 microprojiles

Oxygen penetration at the 1300 m stations (4906, 4909, 4913 and 4917) varied

between 14 and 25 mm, while at 2200 m (4401) oxygen penetrated down to 90 mm (Table 2;

Fig. 5 a - e). The measured oxygen microprofiles at the 1300 m stations showed a significant

difference between the single microelectrode readings on the same deployment, indicating a

lateral variability in oxygen consumption within an area of 125 cm2
• This heterogeneity was

not observed at station 4901 (2200m), where the O2 microelectrode profiles were similar.

Photographs taken during each deployment confirmed this observation showing a flat and

homogeneous sediment surface at station 4901, while at the shallower stations the sediment

surface was covered with microtopography and biogenic structures. The high oxygen

consumption was also reflected by the diffusive oxygen uptakes (DOD) ranging between 2

and 3 mmol m-2 d- I at 3 of the 1300 m stations compared to 0.3 mmol d-2 d- l at station 4901

(Table 2). An exception was station 4909 which exhibited a somewhat lower DOD associated

with a deeper penetration of oxygen compared to the other 3 stations (1300 m).
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Fig. 5 alb: In situ microprofiles from station 4901 (a) and 4906 (b)

In situ pH and peo2 microprofiles

In situ pH decreased with depth in the oxygenated sediment horizon at all of the

stations. The pH minimum was associated with the oxic-anoxic horizon (Fig. 5 aIb/c/e).

Below this zone an increase in pH was observed at station 4906 and 4917, while the pH at
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4909 was more or less constant with depth. At 4901 the pH gradually decreased with depth,

while no minimum was observed because the pH microelectrodes never reached the anoxic

sediment horizon (Fig 5a).

In situ pC02 increased gradually below the sediment water interface reaching a

maximum at the oxic-anoxic interface in the sediment. In general the pC02 profiles mirror the

pH profiles (Fig. 5 b/c/d). At 4909 and 4913 the pC02 gradually increased with depth

reaching maximum values of approx. 2500 and 1000 Ilatm, respectively, at a depth of 90 mm.

Unfortunately no pH profile was measured at station 4913, due to problems with the reference

electrode.
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Fig. 5 c: In situ microprofiles of O2, pH, pC02 and Ca2
+ from stations 4909
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In situ Ca2
+ microprofiles

In situ Ca2
+ microprofiles were measured at two stations (4906 and 4909) for the first

time. The two stations exhibited an increase in Ca2
+ below the sediment surface (Fig. 5 b/c).

The depths of this increase correspond to the decrease of pH and O2 and an increase in pC02

reaching a maximum Ca2
+ concentration at approx. 20 mm at both stations. At 4906 the Ca2

+

microprofile also showed a decrease at approx. 30 mm (Fig. 5 b). A flux of 0.55 and 0.58

mmol m-2 d-I at 4906 and 4909, respectively, was calculated from the Ca2
+ gradient across the

sediment water interface. The sensor signal exhibited some scattering due to the sensitivity of

the LIX membrane to contact with sediment grains. However, the sensors were kept at each

depth interval for half a minute, giving the sensor chemistry enough time to adapt to the

physical environment.
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Table 2: Oxygen penetration depth (OPD), diffusive oxygen uptake (DOU) and Ca2+flux
calculated from measured microprofiles.

station OPD DOV Ca++·flux
[mm] [mmol m·2 d· l ] [mmol m·2 d· l ]

4901 90 0.3
4906 15.5 (13-20) 2 0.55
4909 25 (23-28) 1 0.58
4913 15 (11-17) 2.9
4917 14 (12-15) 3

51

Model results from station 4909

Station 4909 was chosen for modeling because the 02, pH, pC02 and Ca2+ profiles

appeared internally consistent and therefore less impacted by horizotal variability. Station

4906, the other station where Ca2+ profiles were measured, exhibits subpeaks in the CO2, pH

and Ca2+profiles. These data will be modeld in Adler et al. (in prep.) but are beyond the scope

of this paper.The oxygen profile was fitted using zero-order reaction rates and O2

consumption rates as shown in Fig 6A for organic matter degradation. For the composition of

the organic matter the stoichometry of the Redfield Ratio was used:

(CH20)106 (NH3)16 (H3P04)1 + 138 O2 ==> 106 HC03' + 16 N03' + 1 pol + 16 H20 + 125 H+ (9)

Molecular diffusion coefficients used within the simulation were corrected for porosity after

Ullmann and Aller (1982). This approach resulted in the modeled steady state profile for

oxygen (Fig. 6A). The effects of the C02 and W release on the CaC03-C02-system were

investigated by calcite equilibrium calculations. All species concentrations (Na+, cr, Mg2+,.
Ca2+, K+, HC03', sol', N03', H+ and OK), apart from 02, measured in the bottom water

were set as background concentrations for the whole model area. Na+, cr, Mg2+, K+ and sol'
were also used to calculate the ionic strength of the pore water and therefore to appropriately

define the activities for the relevant species of the CaC03-C02-system.

The solubility product Ksp, Calcite was corrected for temperature and pressure resulting

in a value of -8.036 to keep the pore water concentrations in an equilibrium state after the first

PHREEQC calculation. Carbon dioxide concentrations produced from organic matter decay

with oxygen were not sufficient to describe the measured pH profile. Therefore a distinct

source of inorganic carbon diffusing into the model from deeper layers caused by anoxic

mineralization processes was introduced. In our simulation, a fixed concentration of 3.8 romol
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rl I,C02 was set as lower boundary condition, approximating the HC03- and pH of the lower

part of the model area.

Attempts to model the pH profile without calcite dissolution kinetics resulted in

unrealistic profiles (data not shown; Adler et aI., in prep.). The pH profile was then fitted with

the parameters of the dissolution kinetics (DR = k (1_0)"). The best fit of the pH profile was

achieved with the kinetic parameters of n =4.5 and k =7000 (Fig. 6 B/C). However, changing

the k value up to 8400 (+20%) did not have a significant impact on the curve fit.

Model results GeoB 4909
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Fig.6: Comparison of the modeled (red line) and in situ measured (symbols) profiles of 02,
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+ (C) at station 4909. The lines are the model outputs using the illustrated
consumption rates (A; blue squares) for oxygen and the reaction order n = 4.5 and the
dissolution rate constant k =7000 mol kgw-I a-I for pH and Ca2

+.

Discussion

A direct measurement of the dissolution rates is essential to accurately quantify the

CaC03 cycling in modern oceans. We have estimated the calcite dissolution rate using the

first in situ measured Ca2
+ microprofiles together with pH and pC02 to define the saturation

state of the pore water. In combination with 02 microelectrodes we also quantified the amount

of organic matter mineralized in these sediments. To evaluate the interdependence of our
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measured profiles, a numerical model was used, which also determined the calcite dissolution

rate constant.

Calcite dissolution estimatedfrom Ca2
+ microprofile

Pore water microprofiles of Caz
+, pH, pCOz and Oz indicate that even under

supersaturated bottom water conditions, sedimenting CaC03is dissolved within the sediment.

Carbon dioxide released during mineralization of organic material creates a

microenvironment which is undersaturated with respect to calcite resulting in a dissolution of

CaC03. Our results confirm recent investigations on metabolically driven calcite dissolution

(Archer et aI., 1989a; Cai et aI., 1995; Jahnke et aI., 1997). Hales and Emerson (1997a) and

Martin and Sayles (1996) estimated calcium fluxes in the range of 0.14 to 0.2 mmol m-z d-I

for stations which were supersaturated with respect to calcite in a water depths of 3300 m in

an oligotrophic area of the equatorial West Atlantic. In Hales and Emerson (1997a), the

calcite dissolution was modeled from obtained Oz and pH microprofiles, while Martin and

Sayles (1996) calculated the diffusive Caz
+ flux from pore water calcium profiles measured on

samples collected with an in situ pore water sampler. Our estimated Caz
+ fluxes based on in

situ measured microprofiles indicate 3-times higher fluxes (0.55 and 0.58 mmol m-z d-I for

station 4906 and 4909, respectively). Our measurements were performed at shallower water

depth and the oxygen consumption rates at our sites were 3-times higher. Chamber

incubations from the equatorial Pacific (calcite rich sediments) and from continental margin

of California (calcite poor sediments) exhibited similar Caz
+ fluxes, ranging between 0.5 and

1.0 mmol m-z d-I (Jahnke et aI., 1997; Berelson et al., 1994).

Using particle flux measurements from Wefer and Fischer (1993) and Fischer and

Wefer (1996) we quantified the amount of dissolved CaC03 from sedimenting calcite rain to

the sediments. Sediment trap measurements from a station close to our settings exhibited an

average annual flux for Corg of 0.5 mmol m-z d-I and for CaC03 of 0.66 mmol m-z d- I,

leading to a Corg / CCaC03 ratio of 1.3. Comparing these water column fluxes to our measured

Caz
+ flux results in a dissolution of approx. 85 % of the calcite rain. This calculation indicates

that most of the CaC03 produced in the surface waters is dissolved and very little is buried in

the sediment. Bulk sediment CaC03 confirm this observation, since the sediment surface

contains only 1.25 % (wt) . Recently modeled dissolution rates of metabolically mediated

CaC03 dissolution are consistent with our results and predict that 2: 50 % of the calcite

deposited dissolve (Hales et aI., 1994; Emerson and Archer, 1990; Archer, 1991).
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Modeled CaCO] dissolution rate constant at station 4909

Our measured Ca2
+ flux is predicted by the model when the reaction order n =4.5 and

the dissolution rate constant k =7000 mol kgw- I a·1 was used. Our modeled k of 7000 mol

kgw a-I equals a rate constant of 663 % dol. This value is within the range of values reported

from laboratory studies (1000 - 3000 % d-I; Keir, 1980). Jahnke et ai. (1997) also estimated a

high k (1000 % d-I) for a calcite poor station at the California continental margin. Recently

reported rate constants from other field studies were in the range of 0.05 to 125 % d-I (Archer,

1991; Berelson et aI., 1990; Cai et aI., 1995; Hales and Emerson, 1996), however these

studies were performed in sediments with low oxygen consumption rates.

Most of these studies estimating the calcite dissolution rate assumed a reaction order

of n = 4.5 (Archer et aI., 1989a, Berelson et aI., 1990; Cai et al., 1995, Jahnke et aI, 1994,

1997). Recently Hales and Emerson (1997a) showed that measured in situ pH profiles of a

calcite-rich sediment were more consistent with first-order dissolution than with 4.5-order

kinetics. Using the sensitivity to uncertainties in OCalcite , due to the nature of the term (1 

OCalcite), they calculated a lower calcite solubility. However, the first-order kinectics did not

resolve the discrepancy of 2 - 3 orders of magnitudes differences between the in situ and

laboratory rates. There is still a debate about the reaction order, differing between 3 - 5 for

biogenic carbonates inferred from laboratory studies (Morse, 1978; Keir, 1980; Walter and

Morse, 1985). We chose n =4.5 in order to compare our model simulations with previous

studies (e.g. Archer et aI., 1989a; Archer, 1991; Jahnke et aI., 1994, Jahnke et aI., 1997; Hales

and Emerson, 1997; Martin and Sayles, 1996). However, model runs with n values < 4.5

should also be made to estimate the difference in resulting dissolution rate constants.

O2 consumption

Our oxygen microprofiles indicate that oxygen is consumed rapidly in the top

sediment horizon, while the OPD increases with increasing water depths. Our estimated DOU

rates of 0.3 to 3 mmol m-2 dol agree with measurements from Glud et aI. (1994) performed in

1992 in the upwelling area of the eastern South Atlantic. Their measured DOU were in the

range of 0.5 to 5 mmol m-2 d-I for stations at water depths of 500 to 5000 m. To calculate the

amount of organic carbon degraded by oxygen two factors have to be considered: Steady state

reactions are assumed using a Redfield ratio for C : 0 and secondly, some oxygen can be

consumed by reoxidation of reduced species diffusing upward from the anoxic sediment zone.

In marine sediments, sulfate reduction is typically the second dominant remineralization

process and sulfate reduction rates (SRR) range from 0.1 to 0.3 mmol m'2 d- l for our stations

(Strotmann et aI., in prep). Taking reoxidation of H2S into account, the amount of organic
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matter mineralized by oxygen varies between 0.6 and 2 mmol carbon m-2 d- l
. These calculated

fluxes of organic matter mineralization are 1 to 4-times higher than annual fluxes determined

from sediment traps close to our stations (Wefer and Fischer, 1993; Fischer and Wefer, 1996).

The higher carbon mineralization rates estimated from our in situ oxygen profiles most likely

result from lateral and down slope transport of organic material (Jahnke et aI., 1990). Further,

local variations in surface water primary production and sedimentation due to the upwelling

areas in the study region and enhanced carbon discharge from the river Congo can also cause

higher organic matter input to the sediments.

pH and pC02 microprofiles

Pore water pH decreased sharply below the sediment water interface in response to the

oxic degradation of organic matter and the reoxidation of reduced species diffusing upward to

the oxygenated horizon. Reactions affecting the pH in the pore water have been described and

modeled by Boudreau (1987), Boudreau and Canfield (1993) and Van Cappellen and Wang

(1996) and our profiles follow the general trends described in these models. Below the oxic

layer pH increases again (station 4906 and 4917), but the increase of our measured pH values

was not as high as the modeled profiles predict (Van Cappellen and Wang, 1996). At station

4909 the pH is constant with depths below the oxic sediment zone. This may be due to lower

rates of organic matter mineralization by N03-, Mn and Fe resulting in a minor shift of pH

towards more alkaline conditions.

There is one major uncertainty in calculating the state of saturation from the measured

microprofiles. Using the microprofiles horizontally displaced by on average 25 em makes it

necessary that the geochemical zones within the sediment are horizontally as well as vertically

homogenous. Laboratory pH and pC02 microelectrode measurements showed that DIC

gradients calculated from the obtained microprofile are in good agreement with pore water

extracted DIC values (Komada et aI., 1998). However, differences in pH of 0.05 lead to an

uncertainty in dissolved inorganic carbon (DIC) of approx. 12 %. Heterogeneity in deep sea

sediments with less fauna may not be that important, nevertheless microprofiles measured in

an area of 125 cm2 often exhibit varying penetration depths of oxygen (Fig. 5 a-e; Tab. 2).

Also individual pH microelectrodes profiling at the same site show variability. For example

one sensor indicated a distinct subpeak (Fig. 5 b) not seen in a second profile from the same

site. These differences are important to consider when calculating for carbonate equilibrium

distribution in the pore water and consecquently in estimating Ca2
+ dynamics in sediments.
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Ideally, 2 - 3 profiles of each chemical species should be measured to evaluate horizontal

variability.

Conclusions

Earlier investigations on calcite dissolution based their estimates of calcite fluxes on

modeling pore water profiles of 02, pH and pC02. Our data sets provide the opportunity to

calculate the amount of dissolved calcium directly from the measured Ca2
+ microprofiles. At

station 4906 and 4909 high fluxes (0.55 and 0.58 mmol m-2 d-1
) across the sediment water

interface were measured. This Ca2
+ flux results in an efficient dissolution (approx. 85 %) of

the CaC03 rain to the seafloor. Modeled calcite dissolution rate constant (one station)

predicted a high in situ rate, comparable to one other calcite poor site (Jahnke et aI., 1997).

More in situ profiles of Ca2
+, pH and pC02 at different sites are necessary to resolve the

discrepancy on the saturation states of the pore water and consequently on the calcite

dissolution rate.
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Abstract

The microenvironment and microcirculation of a shallow water hydrothermal vent

system was studied together with the benthic primary production at Milos (Greece). In situ

microprofiles of O2, pH, H2S and temperature were obtained using a miniaturised version of a

profiling instrument. The sediment temperature increased toward the centre of the vent

system, reaching a surface maximum of 100c C in the central yellow coloured sulfidic area.

The oxygen penetration depth decreased from the unaffected sediment surrounding the vent

system towards the vent centre, however, at the inner vent area the O2 penetration increased

again. Similar results were obtained during laboratory measurements. H2S concentrations

increased rapidly beneath the oxygenated zone in the different vent areas and reached values

of approx. 900 mM at sediment depths of 7 - 17 mm in the central vent areas. The

microprofiles resolved a microcirculative pattern where local pressure differences in the
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outflow of seep fluid induced a downward transport of oxygenated water, creating small

convective cells which efficiently reoxidised H2S in the seep fluid.

Patches of benthic diatoms covered the sediment surface in the areas surrounding the

vent system. The net photosynthesis of this community increased from 25 mmol O2 m-2 dol to

41.8 mmol 02 m-2 dol from early morning to mid day. The amount of daily net fixated carbon,

calculated from the in situ oxygen microprofiles accounted for 0.67 mmol C m-2 dol.

Laboratory incubations indicated that photosynthesis was not carbon limited and consequently

the excess dissolved inorganic carbon contained in the vent fluids presumably had no effect on

primary production.

Introduction

Hydrothermal vents are known from many regions of the world (Stein 1984; Hoaki et

aI., 1995; Kamenev et aI, 1993; Tarasov et al., 1990). Depending on the vent type, the seep

fluid chemistry can, to various degrees, differ from the surrounding water, and typically the

sea floor in the vicinity of vents, host a special geochemistry. This geochemical environment

may have significant effects on the biology of the area, and specialised microbial consortia

and faunal adaptations have been described from various vent sites (Thiermann et aI., 1997;

Dando et aI., 1995a; and references therein). Hydrothermal activities around the islands of the

hellenic volcanic arc in the Aegean Sea have recently been described (Varnavas, 1989; Cronan

and Varnavas, 1993; Varnavas and Cronan, 1991; Dando et aI., 1995a). These vents tend to be

low-temperature discharges precipitating mainly iron and manganese oxides (Cronan et aI.,

1995). Palaeochori Bay at the island of Milos (Greece) is one of the most active geothermal

submarine areas of the Aegean Sea. Previous studies have demonstrated that the seep fluid is

influenced by hydrothermal processes, and is enriched by Na+, Ca2+, K+, Si02, Mn2+ and NH3

(Fitzsimons et aI., 1997). Additionally the fluid contains gases of: CO2 (54.9 - 91.9 %), CH4

(> 9.7 %), H2S (> 8.1 %) and H2(> 3 %) (Dando et al., 1995b).

Characteristic concentric circles of yellow, white and brown precipitates occur around

the vent centres. The yellow colour of the inner vent area results from sulphur condensing on

sand grains. The white precipitate is a mixture of amorphous silica, Si nodules and hollow

tubes containing elemental sulphur on the outer surfaces (Fitzsimons et aI., 1997; Dando et aI.,

1995b). The brownish zone of the vent system consists of Mn-oxides which predominately

precipitate at increasing distances from the vent outlet. The precipitates are assumed to be
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associated with microbial mat communities (Fitzsimons et aI., 1997; Dando et aI., 1995a). The

colourless sulphur bacterium Archromatium volutans was isolated from the white precipitates

(Dando et aI., 1995a).

The purpose this study was to investigate and describe the microcirculation of the seep

fluid and the overlying water around these vent sites. We also investigated the

microenvironments of the associated microbial communities and evaluated to what extent the

massive release of CO2 affected the benthic primary productivity of the area.

Methods

Study area

Palaeochori Bay is a sandy bay covering approx. 34 km2
, located at the Southeast coast

of Milos, Greece (Fig. 1). Seep outlets were found over the whole bay at water depths ranging

from 3 to 110m, creating coloured patches on the sediment surface. The position and size of

the patches was dynamic and influenced by local hydrodynamics; it was observed that storm

events completely destroyed otherwise well developed vent structures at shallow water depths.

Palaeochori Bay

i

o
km

I

5 10

Fig. 1: Map of Aegean Sea and the island Milos, including a magnification of the study area
of Palaeochori Bay.
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The vent system we investigated covered an area of approx. 36 mZ and was located at the west

side of the bay at a water depth of 3.5 m. The sediment around the vent outlet was yellow (0.5

m in diameter), surrounded by a white area (approx. 1.5 m in diameter) which again was

surrounded by an outer brownish area (approx. 5.5 m in diameter) (Fig 2).

1m
M

.~

5.5m

Fig. 2: Schematic drawing of the vent zones; dashed arrows indicate the temperature
transects measured by divers.

In situ measurements

In June, 1997, in situ chemical microgradients were measured using a modified and

miniaturised version of the microprofiling instrument, PROFll.,UR (Gundersen and J¢rgensen,

1990). The modified lander was easily deployable from a zodiac with diver assistance. In

order to minimise any sediment disturbance and to assist the divers in positioning the profiling

instrument, buoyancy was added. After positioning the tripod carefully on the sediment the

buoyancy was released. After a 30 min. delay the microsensors were electronically moved into

the sediment in increments of 50 11m. At each depth horizon the sensors were allowed to

equilibrate for 13 sec. before the signals were recorded. Four Oz microelectrodes, two pH

microelectrodes, two HzS microelectrodes and one temperature microelectrode were mounted

on the electronic casing during each deployment.
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O2: The oxygen microelectrodes were of Clark type with a guard cathode and internal

reference (Revsbech, 1989a). The outer diameter of the sensor tip was 10 - 20 /lm, the stirring

sensitivity was less than 1%, and the 90% response time < 1 sec. A two point calibration was

applied, using the signal in the overlying water and in the anoxic part of the sediment. The 02

concentration in bottom water samples was determined by Winkler titration (Grasshoff, 1983).

The measured sensor signal was corrected for temperature effects after Gundersen et aI.

(1998). During oxygen measurements at the unaffected area, irradiance was recorded at the

sediment surface by a miniaturised light logger (StowAway, Onset).

pH: The pH-microelectrodes were constructed as described by Revsbech and J0rgensen

(1986). The outside diameter of the electrodes was 20 - 30 /lm and the length of the pH

sensing glass was 75 - 150 /lm. Before each deployment the electrodes were calibrated by

immersing the sensors in seawater at the in situ temperature, and subsequently changing the

pH by adding small amounts of H2S04. The microe1ectrode signals were then compared to the

readings of a commercial pH-electrode (Radiometer) calibrated in NBS-buffer. The pH values

were corrected for temperature using the measured temperature microprofiles (Westcott,

1978).

Temperature: The temperature microsensors consisted of a soldered miniature Cupper

Konstantan thermocouple (25 /lm; California Fine-wire Company) inserted into a glass

capillary. A two point calibration against a commercial thermometer was performed in

seawater. Temperature transects across the vent system at sediment depths of 2, 6 and 10 cm

were performed by SCUBA divers using hand held thermometers (Fig. 2).

H2S: Amperometric H2S microsensors were constructed as described by Jeroschewski et al.

(1996) and Kilhl et al. (1998). The outer diameter of the electrodes was 20 - 50 /lm with a

response time < 1 sec and a sensitivity of approx. 2 /lM. The H2S microelectrodes were

calibrated with degassed 0.2 M phosphate buffer solution (pH 7.5; 100 mL). During

calibration the headspace was continuously flushed with N2 , and the H2S concentration was

increased stepwise adding known aliquots of a 100 mM Na2S solution. The H2S

concentrations were subsequently measured in subsamples (fixed in 0.5 mL 1.5M NaOH and

2 mL 0.12 zinc acetate) with a spectrophotometer after Gilboa-Garber (1971) at 670 nm. The
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measured electrode signals were later corrected for temperature effects (Jeroschewski et aI.,

1996; e. Steuckart, pers. com.).

Laboratory measurements

Sediment cores were collected by divers for measurements of oxygen profiles in the

laboratory. The cores were incubated in a water bath at in situ temperature and the overlying

water was gently stirred to create a diffusive boundary layer (DBL) comparable to the in situ

conditions (Rasmussen and l¢rgensen, 1992). Microprofiles were measurements with O2

microelectrodes mounted on a motor-driven micromanipulator interfaced to a computer

(Revsbech and l¢rgensen, 1986). The microelectrode characteristics were comparable to the

microelectrodes applied in situ. Oxygen dynamics within the precipitated surface material of

the white vent area was measured by gently transferring this material to agar-membranes.

Microprofiles were measured from the overlying water through the white precipitate into the

agar.

Calculations

The diffusive oxygen exchange across the sediment water interface was calculated

from Pick's first law: DOU = Do dC/dz, where Do = the molecular diffusion coefficient in

water corrected for temperature and salinity (from Li and Gregory, 1974 and Broecker and

Peng, 1974) and dc/dz = the linear gradient of oxygen within the DBL. Diffusive fluxes within

the sediment were calculated using Pick's first law as well with the empirical relations for

diffusion coefficients in sediments: Ds = Do <1>m-l, where <1> = porosity, Ds = diffusion

coefficient in the sediment corrected for temperature and pressure (Li and Gregory, 1974;

Broecker and Peng, 1974) and m =2 for sandy sediments (Ullmann and Aller, 1982; Berner,

1980). Net fluxes of O2 from the photic zone at the unaffected sites was defined as the sum of

the up- and downward flux away from the photosynthetic active community (Glud et al.,

1992).

Results

Temperature transect

The surface sediment temperature increased towards the centre of the vent system

reaching a maximum of approx. 100°e. On the average, the temperature increased by approx.
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0.6°C cm-) in the white area and the steepest increase was observed at the border between the

white and yellow area (Fig. 3). The vertical temperature gradient (in the upper 10 mm) was

steep in all areas of the vent system and was on the order of 2, 15 and 40°C cm-) in the

brown, white and yellow vent area, respectively (Fig. 4f-h). The steepest gradient was at the

sediment water interface in the yellow area (Fig. 4h). Temperature was constant with depth in

the unaffected area (Fig. 4e).
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Fig. 3: Sediment temperature transects (1 and 2) across the vent system at 2, 6 and 10 cm
dept. Temperature was measured along the transects as indicated in Fig. 2 (u =unaffected
area, b = brownish area, w = white area, y = yellow area).

In situ microprofiles

The oxygen penetration depth gradually decreased from the unaffected area towards

the white area (Fig 4a-d, Tab. 1). Thereafter the oxygen penetration increased to a maximum

of 6 mm in the yellow vent centre (Fig 4d, Tab. 1). ill the central part, the O2 signal became

irregular with highly fluctuating values, most likely due to convection of pore fluids.
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Fig. 4: In situ microprofiles of O2, H2S, pH and temperature measured at an unaffected (AlE)
and the different vent areas (brown: BIP, white: C/G and yellow: DIH).
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Table 1: Oxygen penetration depth (OPD) and diffusive oxygen uptake (DOD) measured in
situ and in laboratory from the different vent areas. OPD and DOD determined in sediment
cores separeted from the white fluff (white -fluff) and in the white fluff. Numbers of profiles
used for the calculation shown in parentheses.

In situ laboratory

OPD OPD DOV
[mm] [mm] [mmol m·2 d,l]

unaffected 4.2 ± 0.3 (3) 3.4 ± 0.2 (4) 1 11.7 ± 1.4 (4) 1

brown 2.0 ± 0.4 (3) 1.7 ± 0.2 (3) 19.8 ± 0.7 (3)
white 1.3 ± 0.1 (3) 0.4 ± 0.1 (3) 55.1 ± 2.8 (3)
yellow 6.0 ± 1.4 (3) 0.9 ± 0.1 (3) 28.1 ± 6.3 (3)

white (- flufO 0.3 ± 0.1 (3) 48.0 ± 9.3 (3)
fluff 0(2) 0(2)

1 no diatoms present on the sediment surface of the core

Continuous O2 microprofiles during a daily cycle at the unaffected sediment site covered with

diatoms demonstrated a gradual increase in O2 concentration at the sediment surface (Fig.

5a/b). At the investigated site (covering approx. 125 cm2), a maximum of 350 /lM was

reached at approximately noon (Fig. 5a). The sediment community had an light compensation

point of - 114 /lE, where the O2produced by photothrophs balanced the O2consumption rate.

In darkness the 02 consumption rate at the surface sediment (upper - 0.8 mm) was - 25 mmol

m,2 d,l. From the net photosynthetic rates and the light measurements, a PI relationship

(photosynthesis vs light intensity) was constructed and was fitted to an exponential equation;

oxygen flux =38 * (l_e-O.007*Cx-96») (Fig. 5c). The net photosynthesis reached a saturation at

approx. 300 /lE where the net release rate of O2 was approx. 40 mmol m-2 dol. By combining

the light and the net rates and assuming that 1 C02 is net fixated per 1 O2 released the daily

net C fixation of the photosynthetic community was 0.67 mInol C m-2. It must be underlined

that the diatoms had very patchy distribution and that our measurements do not necessarily

represent the average conditions at the shallow areas of Palaeochori Bay.
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Fig. 5: (A) In situ oxygen microprofiles at various light intensities (units are IlE), (B) daily
cycle of light intensity at the sediment surface and (C) net photosynthesis plotted against light
intensity (PI-curve) at the unaffected sediment site.

While no H2S was measurable in the unaffected sediments, the vertical microprofile in

the brown area exhibited a gradual increase in H2S with depth (11 11M mm- J
; Fig. 4b).

However, in the white and yellow area the H2S concentration very rapidly increased below the

oxic zone and reached a H2S concentration of approx. 900 mM at 7 mm and 18 mm in the

white and yellow area, respectively (Fig. 4c/d). Maximum gradients in the white and yellow

vent area were 300 and 100 J-lM mm- t
, respectively. Beneath these depth horizons the sensor

signal at both areas went off scale but was still working for the complete profiling distance of

3 em, because the sensor signal showed the same value in the overlying water after the
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profiling. This sensor behaviour indicates that the H2S concentration was at least higher than

800 11M (the maximum measurable value for these sensors). Comparable sulfide

concentrations ranging from 400 to 1300 11M at 2 and 5 em sediment depth has been measured

by Thiermann et al. (1997) in white areas of a hydrothermal vent system close to our study

site. The brown and yellow area exhibited an overlap of downward transported oxygen and

upwards transported H2S, but this overlap was not found in the white area.

In the unaffected area, the pH microprofile increased with depth indicating a CO2

fixation at the sediment surface associated with a significant pH increase (Fig. 4e). In the

brown, white and yellow area, microprofiles exhibited decreasing pH values (Fig. 4f-h). The

minimum in pH of 4.5 in the brown vent area was found at the same depth as the oxic-anoxic

interface (Fig. 4f). In the white area, the pH minimum occurred where the H2S concentration

began to increase (Fig. 4g). While in the yellow vent area pH decreased gradually down to a

value of 4.5 at a sediment depth of 5 mm (Fig. 4h).
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Time Series

Time series measurements of 02 at 1 mm below and 0.75 mm above the white

precipitates (sensors horizontally displaced by 7.5 cm) showed relatively constant signals over

a 7.5 hour period (resolution of 15 sec; Fig. 6a). However, occasional events where 02

enriched or 02-depleted water passed the sensors tips was apparent and the signals of the two

sensors were coupled (Fig. 6 and 7a). The temperature and H2S concentration (recorded 4.4

and 5.0 mm below the sediment, respectively) showed a similar trend and was negatively

correlated to the 02 concentration (Fig. 6b/c and 7b). Time series measurements in the yellow

area were very sporadic due to electronic failure, however, the recorded fluctuations were

characterised by higher frequency and larger amplitudes as compared to the white area (data

not shown). The fluctuations in the brownish vent area were small, and non-existent outside

the vent area (data not shown).
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surface (-1 mm) vs H2S concentration below the sediment surface (-5.0 rnm) at the white vent
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Laboratory

Oxygen microprofiles in the laboratory cores showed the same trend as the in situ

profiles; with penetration depths gradually decreasing toward the white area and increasing

again in the yellow area (Fig. 8a-d; Tab. 1). The elimination of the thermal induced

convection in the cores collected from the white area lead to more stable gradients. The

diffusive oxygen fluxes calculated from the laboratory microprofiles reflected the 02

penetration pattern in situ with maximum 02 consumption in the white vent area (Tab. 1).

The fluxes indicated that the white area was most reduced and the yellow surface was more

oxidised presumably due to the in situ microcirculation of oxygenated water. Measurements in

the sediment cores from the white area with and without fluff present, indicated only marginal
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oxygen consumption at the Si02-precipitates (Fig. 8c/e; Tab. 1). This observation was

confirmed by measurements in isolated crystals (Fig. 8f; Tab. 1). Microscopic examinations

showed very little microbial activity and mat-like structures could not be confirmed.
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Photosynthesis of the benthic diatoms was investigated in sediment cores from the

unaffected area incubated at in situ temperature and constant light intensity (355 I1E) with

increasing DIC concentrations. Net photosynthetic rates were not affected by changing DIC

concentrations from 1800 to 2600 11M (in situ value approx. 2400 /lM) (Tab. 2).

Table 2: Laboratory measurements of the oxygen penetration depth (OPD) and the up and
down flux of oxygen from the photic zone at a light intensity of 355 /lE incubated at different
dissolved inorganic carbon (DIC) concentrations. Numbers of profiles used for the calculation
shown in parentheses.

DIe OPD flux up from flux down from
photic zone photic zone

[JIM] [mm] [mmol m,2 d,l] [mmol m,2 d,l]

1800 5.5 ± 0.7 (5) 19.4 ± 1.6 (5) 20.7 ± 2.9 (5)
2200 5.7 ± 0.1 (7) 18.4 ± 2.2 (7) 14.2 ± 1.7 (7)
2600 5.4 ± 0.4 (6) 19.8 ± 4.0 (6) 19.0 ± 2.5 (6)

Discussion

Vent pattern and zonation

The hydrothermal activity in Palaeochori Bay produces advective flow through the

overlying sediments. By comparing the microprofiles of Oz, HzS, pH and temperature, a

microcirculative pattern was resolved where seep fluid escapes in the central yellow vent area.

The outgoing jet in the yellow area creates local pressure differences in the sediment sucking

down Oz , resulting in small convective cells. The effect, however, of sucking down Oz

extends into the white area, where it is gradually dampened. Microprofiles of Oz and HzS

indicated that the microcirculation presumably leads to an efficient HzS reoxidation in the

centre of the vent system and very little dissolved HzS escapes to the overlying water (Fig. 9).

The oxidation of hydrogen sulfide, 2 HzS + Oz -7 So + HzO, most likely forms elemental

sulphur or polythionates, which condense at sediment grains. Analyses of the yellow deposits

yielded sulphur concentrations of 1.1 g dm,3 (Fitzsimons et aI., 1997). Seep fluid investigations

showed that the escaping water was enriched in SiOz (Fitzsimons et al. 1997). Decreasing

temperature with increasing distance from the vent outlet reduces the solubility of Si(OH)4
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(log k at 84°C -4.0 decreasing to log k of -3.36 at 25°C), presumably leading to the

precipitation of amorphous Si02 resulting in the white area of the vent system (Fig. 9).

Particles of elemental sulphur may attach to the "strings" of amorphous silica giving rise to

the gradually colour change from yellow to white (Fitzsimons et aI., 1997; Von Damn et aI.,

1985).
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The escaping seep water was enriched with Mn(1I) which is spontaneously oxidised to

Mn02 according to Mn2++ Y2 O2+ H20 ~ MnOis) + 2H+. The precipitate spread over larger

areas but primarily settled at a distance of approx. 1.5 m from the vent outlet (Fig. 9). Similar

observations on Mn discharge and precipitation at seep outlets of the island Santorini

(Greece) have previously been described (Smith and Cronan, 1983).

We were not able to confirm the existence of any bacteriaVmat-like structure around

the vent site. The vent site we investigated was stable for a period>1 month and during these
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period no significant microbial colonisation was observed. These findings were confirmed by

microscopic investigations of samples from the vent site. While shallow vent systems are

more exposed to storms and associated resuspensions, sites at deeper water depths are

probably more stable and bacterial/mat-like structures may potentially evolve there.

Photosynthesis and CO2 fixation at an unaffected area

Areal net photosynthesis of the diatom-covered unaffected sediment accounted for an

approximate daily C fixation of 8 mg m-2
• It must be stressed that this number is an estimate

since the diatom coverage was patchy. However, the rate is low compared to other coastal

environments (Joint, 1978; Cadee and Hegeman, 1974, 1977; Barranguet et al., 1998). T~s

probably reflects the relatively oligotrophic setting of Palaeochori Bay. The net activity and

gross rate of oxygen production (not shown) were not affected by increased availability of

DIC, indicating that the photothrophic community was limited by light (up to approx. 300 IlE)

and nutrients rather than DIe. The pelagic net primary production measured in the shallow

water hydrothermal systems was also very low with rates less than 12 mg C m-3 dol (Robinson,

in press). The macrophytes of Palaeochori Bay accounted for a C fixation of approx. 2!] of our

estimates for benthic microphytes, estimated from shoot production at seegrass patches

(Nielsen et al. unpubl. data). These numbers underline the importance of benthic diatoms as

primary producers of this oligothrophic setting.

Acknowledgements - We wish to thank Preben S\?lrensen and Lars B. Pedersen (University of

Aarhus) for assistance during the field trip in Milos and building the rnicrosensors. Gabriele Eickert

(MPI, Bremen) is thanked for building the H2S microsensors. We would also like to thank Prof. D.

Dyrssen for numerous constructive discussions. Dr. S. Boehme is thanked for carefully reading the

manuscript. This study was funded by the Commission of the European Community under MAST ill

program, project No. CT95 - 0021. FW was partly supported by the Deutsche

Forschungsgemeinschaft (SFB 261, University of Bremen) and MPI, Bremen. RNG was partly

supported by Danish Natural Science Research Council.



Carbon oxidation in sediments of Gotland Basin, Baltic Sea, measured in situ with benthic landers 73

Chapter 5

Carbon oxidation in sediments of Gotland Basin, Baltic Sea, measured in
situ with benthic landers

Oliver Greeff, Frank WenzhOfer, Wolfgang Riess, Andreas Weber, ala Holbyl, Ronnie N~hr
Glud2

Max Planck Institute for Marine Microbiology, CelsiusstraBe 1, D-28359 Bremen, Germany

1 Present address: Hogskolan Dalarna, Roda Vagen 3, 78188 Borlange, Sweden
2 Present address: Marine Biological Laboratory, University of Copenhagen,

Strandpromenaden 5, 3000 Helsing~r, Denmark

Abstract

Benthic carbon mineralization was studied in situ at 4 stations of the Gotland Deep (Baltic

Sea). The measurements were performed with three benthic landers measuring diffusive oxygen

uptake (DOU), total oxygen uptake (TaU), and sulfate reduction rates (SRR). At the three oxic

stations DOU varied between 7.6 and 8.7 mmol m-2 d- l, while the O2 penetration depth was

relatively constant around 1 mm. TaU was found to vary between 4.3 and 10 mmol m-2 d-l.

SRR's were moderately high for coastal settings (0.7 - 9.0 mmol m-2 d-l), and were the major

degradation pathway of the benthic community. Laboratory determined sulfate reduction

exhibited slightly higher rates as compared to in situ rates. Carbon mineralization rates estimated

from TaU compared to SRR within a factor of 2.
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Introduction

About 90% of the world's annual organic carbon input to marine sediments is believed to be

deposited in areas of the ocean underlain by surficial sediments with oxygen penetration depths

~ 2 cm (Berner, 1982; Hedges and Keil, 1995). Microbial mineralization under oxic or anoxic

conditions recycles a significant fraction of carbon and nutrients in sedimenting organic matter,

while the remainder is permanently buried in the sediment. This fraction is positively correlated

to the sediment accumulation rate and consequently it is high in coastal and shelf sediments (e.g,

Canfield, 1989; Henrichs, 1992). The quantitatively most important electron acceptors for benthic

degradation have proven to be oxygen and sulfate (Bender and Heggie, 1984; Henrichs and

Reeburgh, 1987), with Fe-oxides and Mn-oxides being of importance in some sediments (e.g.,

Canfield et al., 1993a). The contribution of oxygen to overall degradation in coastal marine

sediments (with oxygenated bottom water and high deposition rates) has been quantified to be in

the order of 5 - 20% (Canfield et al., 1993b), while sulfate reduction usually accounts for the

major fraction. The benthic oxygen consumption is often used as a measure of the total

mineralization rate (Smith and Hinga, 1983). Total oxygen uptake of a sediment includes two

fractions: 1) direct heterotrophic respiration, and 2) oxygen consumed by reoxidation of reduced

products from anaerobic degradation pathways. In euxinic and semi-euxinic environments,

however, sulfate reduction rates (SRR) alone are considered a good measure of the total carbon

degradation (Westrich, 1983; Canfield, 1989).

This study represents the first attempt to study benthic remineralization and the importance

of sulfate reduction as a degradative pathway with three autonomous benthic landers capable of

measuring different key parameters in carbon mineralization (diffusive and total oxygen uptake,

and sulfate reduction). All 3 landers were deployed at 4 stations along a transect from the oxic

slopes of Gotland Basin into its anoxic center.

Materials and Methods

Study area and sediment description

The Baltic Sea is the largest brackish water body in the world, covering an area of approx.

372,000 km2
. A permanent halocline at approx. 60 - 80 m depth prevents vertical mixing between

the almost homohaline surface waters and deeper water masses of higher salinity; additionally,

a seasonal thermocline develops during the summer months in the surface water body, producing

an intense stratification (Kullenberg, 1981). During stagnation periods the deep water can be

subdivided into two bodies: a subhalocline layer with a permanent oxygen deficiency but no
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anoxia, and the bottom water below approx. 170 m that is frequently anoxic (Grasshoff and

Voipio, 1981; Stigebrandt and Wulff, 1987). Gotland basin is a flat basin with gentle slopes and

a maximum depth of 249 m that displays almost permanently anoxic conditions in its deepest

parts. Annual sediment accumulation rates of 1.0 - 1.3 rnrn a-I have been estimated in the central

Gotland Basin, but on the slopes these values are lower and occasionally erosional events occur

(Winterhalter et ai., 1981). The Holocene muds in the Central Baltic have very high organic

matter content (10- 15% dry weight, Winterhalter et ai., 1981). The surface sediments of the

investigated stations were soft, black, organic-rich muds with porosities around 0.9 (Tab. 1).

Table 1: Porosity and macroinfauna of the stations.

Station porosity porosity Macoma balthica Monoporeia affinis
0-2cm 3-6 cm

individuals m-2 individuals m-2

1 0.93 0.85 30-40 200 - 250
2 0.90 0.91 0 0
3 0.99 0.93 0 0
4 0.96 0.98 0 0

Station locations and sampling methods

Four stations along a transect from the oxic into the anoxic part of Eastern Gotland Basin,

Baltic Sea, were visited in August 1996 (Fig. 1). CTD profiling revealed a stratified water column

with thermocline and pycno-/oxycline at each station (data not shown). Basic station information

is summarised in Tab. 2. Sediment was sampled at each station with a multiple corer for

laboratory incubation measurements (Barnett et aI., 1984). The three benthic landers were

deployed once at each station in order to measure oxygen-microprofiles (PROFILUR, Gundersen

and ]j2Srgensen, 1990), total oxygen uptake (ELINOR, Glud et ai., 1995) and sulfate reduction

rates (LUISE, Greeff et ai., 1998) in situ. Each lander was deployed once at each station.
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Figo 1: Map of the study area and position of the stations along the transect into Gotland Basin,
Water depth increases to the west. The map in the lower left comer shows the Baltic proper and,
in the enlarged section, the position of the study area.

Table 2: Station characteristics. Oxygen data are from water samples taken by landers, other
hydrographical data are from CTD casts and refer to bottom water.

Station Position Depth Temperature Bottom water O2 Salinity pH

m °C 11 M % air %0
sat.

1 57°16 N 20°43 E 75 4.5 112 29.4 8.5 6,98
2 57°18 N 20°32 E 115 4.5 68 18.1 11 7,06
3 57°15 N 20°21 E 155 4.3 40 10.6 11 7.04
4 57°17 N 20°17 E 210 4.0 0 0 12 6.96

Oxygen microprofiles obtained by PROFILUR

PROFILUR is a pre-programmed free falling benthic lander system (Reimers, 1987;

Gundersen and Jszsrgensen, 1990; Glud et ai., 1994) designed to measure in situ microprofiles of

oxygen. During this cruise PROFILUR was equipped with six oxygen microelectrodes and the

depth resolution was set to 100 11m. The oxygen rnicroelectrodes were of Clark type with a guard

cathode, internal reference, and an outer tip diameter of 10-30 11m (Revsbech, 1989a). Response
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time was t90 < 1 sec, and stirring sensitivity was 1 - 2%. The lander was also equipped with a

Niskin bottle to collect bottom water, which was used for electrode calibration by Winkler

titration. All electrodes were checked for drift by comparing in situ readings in bottom water

before and after the profiling. Typically 3 - 4 parallel microprofiles were obtained at each oxic

station (2 - 3 electrodes did not function or broke during the deploxment). The oxygen penetration

depth and the thickness of the diffusive boundary layer (DBL) were determined directly from the

profiles as described by l¢rgensen and Revsbech (1985). The position of the sediment surface was

estimated from a change of the slope of the oxygen concentration gradient due to impeded

diffusive conditions in the sediment as compared to the bottom water (Revsbech, 1989b; Sweerts

et aI., 1989). Diffusive oxygen uptake was calculated using Fick's first law of diffusion: J = (-)

Do dC/dz, where Do = sea water diffusion coefficient and dC/dz = the linear oxygen gradient in

the DBL. The sea water diffusion coefficient (Do) for oxygen given in Li and Gregory (1974) was

corrected for the in situ temperature by the Stokes-Einstein equation. The dC/dz was calculated

from the linear concentration change in the DBL of the obtained microprofiles.

A model to calculate activity zones of oxygen consumption in the sediment was applied to

the averaged profiles (Berntsen and Ramsing, in prep.). The model finds a best fit for the shape

of the profile and optimises the minimum number of activity zones that describe the profile best.

The porosity values (vol/vol) used in the model and for calculating SRR were determined at a

resolution of lcm in a core subsampled from a multiple corer (24h drying of a known amount of

sediment to constant weight at 70°C).

Measurements of TOU and nutrient fluxes by the benthic lander ELINOR

ELINOR is a free falling lander system equipped with a chamber that incubates 30 x 30 cm

of sediment. After landing at teh seafloor the chamber penetrates 20 to 30 cm into the sediment

and a lid closes (Glud et aI., 1994). Two Clark type oxygen mini-electrodes are mounted in the

lid to monitor the decrease of oxygen in the enclosed bottom water during the incubation.

Electrodes were calibrated from an onboard zero reading at in situ temperature and the constant

reading in the bottom water. During the incubation the water was gently mixed by a central stirrer

(8 rpm), which creates a DBL of approx. 500 11m (Glud et aI., 1995), depending on the roughness

of the sediment surface. During the incubation, a shovel closes, isolating the incubated sediment

from the sea floor. After recovery of the lander, the sediment is sieved and analysed for

macrofauna.
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Measurements of sulfate reduction by the benthic lander LUISE

The autonomous benthic lander LUISE incubates six sediment cores (max. 60 cm length) with

radiolabeled sulfate eSSOl) to determine sulfate reduction rates (SRR) in situ. The six cores are

inserted into the sediment together after the instrument lands, and the sediment is injected with

radiolabe1ed sulfate in each core at pre-programmed times (Greeff et a!., 1998). To overcome the

artefacts of transient warming and decompression during ascent and recovery of the lander, the

turnover of three cores injected shortly before the return of the lander are subtracted from the

turnover of the remaining cores which have been incubated in situ for a given incubation time

(see Greeff et a!., 1998). Upon recovery, the cores from LUISE were immediately sliced in 1 cm

intervals and fixed in 20 rnl 20% zinc acetate to stop metabolic activity (slicing procedure was

approx. 20 min. per core at room temperature).

In order to evaluate potential differences between in situ and laboratory studies, the injection

and incubation pattern of the lander was mimicked in the laboratory (incubation time and

temperature). However, these cores were recovered by a multiple corer and were injected

sideways through silicone-stoppered ports.

In the laboratory the samples collected in situ and onboard were distilled in an acid Cr(II)

solution to volatilise and trap the reduced sulfur species (Fossing and J~rgensen, 1989). Sulfate

reduction rates were calculated according to J¢rgensen (1978). Sulfate was measured

unsuppressed by ion chromatography (WATERS) from the samples fixed in zinc acetate.

Incubation times were chosen between 13 and 18 hand SRR were calculated as an average of the

3 replicates.

Results

Oxygen dynamics

At the oxic stations DOU varied between 7.6 mmol m-2 d-1 and 8.7 mmol m-2 d- 1
, and the O2

penetrations were 1.2, 1.4 and 0.7 mm at station 1, 2, 3, respectively (Tab. 3, Fig. 2). Total

oxygen uptake (TaU) as measured by in situ uptake rates in the benthic chamber was higher than

DOU at Station 1 (20%, Tab. 3), the only station with benthic macrofauna. At Station 2 DOU and

TaU were similar, while the TaU at station 3 was lower by 56%. At Station 4 (210 m) no oxygen

was present in the bottom water (Tab. 2).
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activity zones of oxygen consumption.
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Table 3: The calculated oxygen fluxes from in situ microprofiles (DOU) and benthic chamber
lander incubations (TOU), Standard deviation given in parentheses, +/- indicates fluxes out of and
into the sediment, respectively.

Station DOU I TaU 2

mmol m,2 d,l mmol m,2 d,l

1 -8.3 (± 0.76) -10.0
2 -8.7 (± 1.03) -8.9
3 -7.6 (± 0.36) -4.3
4 0 0

I DOU =diffusive oxygen uptake, calculated from
the in situ microprofiles.

2 TaU =total oxygen uptake measured in situ.

Sulfate reduction rates

The measured sulfate reduction rates (SRR) of Stations 1 to 4 are presented in Fig. 3. The in

situ incubations from Stations 2-4 showed the maximum activity at the sediment surface and a

rapid decline with depth. In several cores the SRR was negligible below a depth of approx. 15 cm.

This pattern was not due to sulfate limitation in the deeper sediment strata, as concentration was

> 2 mM (data not shown). The depth integrated SRR activity (0 - 15 crn) was highest in cores at

station 1 (75 m water depth) - where there was a distinct secondary subsurface peak at approx.

8 cm sediment depth. The lowest SRR were measured at station 4 (210 m; Tab. 4). At station 2

and 3 the SRR profiles obtained in the laboratory and in situ were cornpareable, and exhibited no

significant differences between the depth integrated rates (Fig. 3; Tab. 4). However, at Station 1

and 4, the two in situ and laboratory results differed. The distinct subsurface peak between 4 and

10 cm observed in all in situ cores at Station 1 could not be found in the laboratory profiles. As

a result the depth integrated in situ rate from Station 1 was higher by a factor of 2 as compared

to the laboratory rate (Tab. 4). Station 4, however, exhibited the opposite picture in all laboratory

replicates; rates at a given horizon derived from laboratory incubations were higher by a factor

of up to 9 than the corresponding in situ incubations, resulting in 6 times higher depth integrated

rates (Tab. 4).
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Fig. 3: Sulfate reduction rates of sediments from Gotland Basin. Upper panel shows results from
in situ incubations, lower panel those from laboratory incubations of all stations. Each data point
represents triplicate measurements. The errorbar indicates the standard error of the mean value
(= mean value/(SQR(n)), For information on incubation time and calculation method see text.

Table 4: Depth-integrated sulfate reduction rates (SRR; 0 - 15 cm) of Station 1 to 4 as
determined by in situ and laboratory whole core incubation. Standard deviation (n = 3) given in
parentheses.

Station in situ SRR laboratory SRR
mmol m-2 d-1 mmol m-2 d-1

1 8.99 (± 2.36) 4.66 (± 0.82)
2 7.52 (± 1.46) 10.55 (± 1.93)
3 0.80 (± 0.39) 1.01 (±0.18)
4 0.69 (± 0.15) 4.21 (±O.60)
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Discussion

Sulfate reduction

Comparison between in situ and laboratory determined O2 uptake rates for deep sea

environments have demonstrated significant overestimation in laboratory incubated cores (Glud

et al., 1994). This is typically ascribed to transient heating. However, at shallow water depths such

effect seems to be of minor importance (Glud et ai., 1994, 1998). In this study laboratory and in

situ SRR differed significantly at two stations (Tab. 4). At both stations the temperature

difference between the bottom water and the surface water was around 15°C. Using QIO-values

for sulfate reducing bacteria of approximately 3 (J¢rgensen, 1977; Skyring et ai., 1983; Wetsrich

and Berner, 1988; Isaksen and J¢rgensen, 1996), the exposure time of these samples to increased

temperature (approx. 1 h) was not sufficient to stimulate fast growth and/or enhanced metabolic

activity. It was calculated that only a maximum increase of 11 - 15 % could have taken place.

Station 1 showed a subsurface peak in the in situ profile that was absent in the laboratory profiles,

causing a higher in situ depth integrated rate at this site. Station 4 represent the opposite end in

the range of SRR, where the integrated in situ sulfate reduction rate was only one third of the

laboratory value. Because of the fluffy sediment surface at this setting we can not exclude that

a bow wave effect disturbed the upper centimetre of the cores. This would apply to both the in

situ and laboratory measurements. However, sediment heterogeneity and sampling artefacts may

add to produce a complex picture, in which the true differences between in situ and laboratory

measurements are hard to resolve on the basis of 4 stations. Nevertheless, depth integrated SRR

determined in this study (Tab. 4) are similar to rates found by Thamdrup et ai. (1996) in a study

on sediments from an anoxic basin in Costa Rica and in shelf sediments from the Skagerrak

(Canfield et ai., 1993b), whereas anoxic settings off Chile (Thamdrup and Canfield, 1996)

exhibited far higher rates. SRR from similar water depth were 6 - 30 times higher than our rates.

Oxygen dynamics

The in situ oxygen penetration depth of approx. 1 mm was caused by a rapid consumption of

oxygen in the upper sediment layers, through mineralization of organic matter and/or reoxidation

of reduced species diffusing upwards from the anoxic zone of the sediment. The profile gradients

result in fluxes of 7 - 8 mmol m-2 d-1 of O2 into the sediment and are in the range of values

reported from coastal environments (Archer and Devol, 1992; Glud et ai., 1998). Comparison of

the in situ DOU and TOU of the stations shows a higher TaU value for Station 1 (+20%), which

was most probably caused by fauna related irrigation and respiration (Tab. 3). At the deeper
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Station 2 (115 m), where no fauna were found, DOU and TaU measurements agreed closely, Yet

at Station 3 TaU was lower by 56 % as compared to DOU measurements; this is probably due

to a considerable sediment heterogeneity at the slopes of Gotland Basin. Generally, oxygen uptake

rates indicated high uptake rates at the sediment surface, where highest quality and quantity of

organic carbon is deposited (Fig. 2EIF). However, at the fauna-rich station 1, the specific oxygen

activity was constant indicating efficient sediment mixing (Fig. 2D).

Applying TaU as a measure for the total mineralization rate, assuming low denitrification

rates as inferred from other coastal studies (Glud et aI., 1998; Canfield, 1993) and accounting for

the fact that 2 moles of C02 are produced per mole of sulfate reduced (Westrich, 1983), the in situ

SRR and TaU rates were compared (Tab. 5). At Stations 1 and 2, SRR accounts for almost twice

the amount of C degraded as inferred from TaU (Tab. 5). This could be because of spatial

heterogeneity of the sediment or non steady state reoxidation of reduced sulfur is occuring. In the

case of shallow shelf sediments, the possibility of an incomplete reoxidation of the sulfide

produced during sulfate reduction may lead to lower ratios between TaU and SRR (Tab. 5). At

Station 3 SRR accounted for 37 % of the total mineralization, while at Station 4 all of the carbon

most probably was degraded by SRR.

Table 5: Comparison of carbon oxidation rates as calculated from benthic oxygen uptake (TaU)
and integrated in situ sulfate reduction rates (SRR; 0 - 15 cm). A ratio of O2 : TC02 of 1 : 1 has
been assumed (e.g., Canfield, 1993), while SRR from Tab. 4 were converted to carbon
equivalents by multiplication by 2 (Froelich et aI., 1979).

Station Carbon oxidation as measured by
(mmol C m,2 d,l)

TaU SRR

Ratio
% C degraded by SRR

1
2
3
4

10.0
8.9
4.3

I

17.98
15.40
1.60
1.38

179
173
37

I no oxygen in bottom water

The annual primary production in the surface waters above the thermocline at 10 m depth of

Central Gotland Basin is estimated at approx. 15 mol C m.2 a,I (Lassig et al., 1978; Schulz et al.,

1992). Assuming our measurement represent the yearly average, calculated annual benthic
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degradation between 2.5 - 4 mol C m-2 a-I (Stations 1, 3 and 4) and approx. 8.5 mol C m-2 a-I

(Station 2) thus accounted for around 16 - 26 % (Stations 1,3 and 4) and 56 % (Station 4) of the

primary production. These values most likely represent an overestimation since our measurements

were performed in summer, where the sediment can be assumed to be enriched in organic carbon.

A phytoplankton bloom was indeed observed during the cruise period.
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The main goal of my thesis was to resolve the impact of biogeochemical processes

occurring at the sediment water interface in marine sediments. The importance of the oxygen

dynamics in deep sea sediments was investigated as well as the effect of metabolically

mediated CO2 on the calcite dissolution in marine sediments. A third topic was the impact on

interface gradients in an extreme environment of a shallow hydrothermal vent site as a result

of unique physical processes.

To measure the impact of oxygen on carbon mineralization in oligotrophic deep sea

sediments it was necessary to develop a new sensor. Earlier in situ measurements of oxygen

profiles indicated that oxygen microelectrodes are limited to a certain profiling depth due

there fragile glass housing. Recently developed oxygen microoptodes provided another

technique for measuring oxygen profiles in sediments. The use of optical fibers as main

component of an optode gave us the opportunity to develop an oxygen sensor of 95 cm length

and an outer diametre of 1 mm. The optode size allows a vertical resolution of > 2 mm to

ensure minimal effects on the physical and chemical surrounding environment. Because

oxygen respiration is low in oligotrophic deep sea sediments we chose a vertical resolution of

0.5 cm. The first ever deep penetration in situ oxygen profiles in the western South Atlantic

indicate that this resolution is adequate to describe the oxygen dynamics in such a sediment.

This is not true for measurements across the sediment water interface where a resolution of

0.5 cm is not fine enough to determine the diffusive boundary layer (DBL). Here a finer

vertical profiling resolution is absolutely necessary. Not only the step resolution is the

important factor but also the sensor dimension can impact on the DBL thickness and therefore

on the oxygen uptake of the sediment. In our investigations we combined oxygen

microsensors (to define the DBL) together with deep penetration oxygen optodes (measuring

the complete oxygen penetration depth) providing an excellent tool to study the oxygen

dynamics in oligotrophic deep sea sediments. To quantify the importance of oxygen

respiration on organic matter mineralization in oligotrophic sediments more in situ

measurements are necessary.
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To quantify the influence of metabolically produced CO2 on the dissolution of calcite

within marine sediments I used well known O2 and pH microelectrodes as well as new

developed pC02 microoptodes and Ca2
+ microelectrodes. The first ever in situ Ca2

+

microprofiles together with the pH and pC02 profiles provided a direct determination of

calcite dissolution in marine sediments. At two calcite-poor stations in the eastern South

Atlantic, a calcium flux of 0.6 mmol m-2 d- I was measured. The Ca2
+ flux from one station

(GeoB 4909) is predicted by using a dissolution rate constant k =7000 mol kgw-I a-I in the

model CoTReM. The study showed that metabolically mediated C02 enhanced the amount of

calcite dissolution within marine sediments, even in sediments overlain with supersaturated

water. Because of the dynamic processes occurring at the sediment surface resulting in steep

gradients of solutes, microsensors with high vertical resolution are a good tool for studying

the processes. However, even in deep sea sediments with a relative homogeneous sediment

structure the study of the carbonate chemistry requires also a low horizontal resolution for

measuring the single components (pH, pC02 and also Ca2+). The available microsensors and

our lander system permit a minimum lateral resolution of 3 cm between the sensors. The

newly developed pH microoptode (Kohls et al., 1997a; Kosch et aI., 1998) may provide the

opportunity to measure two major components of the carbonate system (in our case pH and

pC02) with a horizontal resolution of < 0.5 cm. But first the pH optode must be adapted to our

profiling lander system. To investigate the impact of sediment recovery on the pore water

carbonate system profiling measurements of pH, pC02 and Ca2
+ under defined conditions in a

pressure chamber are also necessary.

In situ measurements of the importance of oxygen respiration and sulfate reduction

with three benthic landers in the Gotland basin (Baltic Sea) were performed. Sulfate reduction

was the major pathway in organic carbon degradation, while most of the oxygen consumed

within the sediments must be related to reoxidation of hydrogen sulfate.

In situ microprofiles of O2, pH, H2S and temperature at a shallow water hydrothermal

vent site in Milos together with laboratory O2 microprofiles resolved a microcirculation of

pore water in the inner vent area. A downward transport of oxygenated water created small

convective cells which efficiently reoxidise H2S in the seep fluid. It was also shown that

enhanced dissolved inorganic carbon concentrations due to CO2 release from the seep fluid

has no significant effect on the benthic primary production. More studies are needed to

quantify the influence of such shallow hydrothermal vent systems on the marine nutrient

cycles.
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