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Vorvlort

Vonvort und Danksagung
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Diese Arbeit wurde inspiriert und gefordert von Prof. Dr. Bo Barker J0rgensen und finanziell

unterstiltzt durch die Max-Planck-Gesellschaft. Dr. Ronnie Glud und Dr. Jens Gundersen

fungierten wahrend der Entwicklungs- und Erprobungsphase des Gerates sowie wahrend der

verschiedenen Projekte als Ansprechpartner und Betreuer. In der vorliegenden Arbeit sind drei

eigenstandige Manuskripte zusammengefaBt~ die bei international anerkannten, englischsprachi­

gen Fachzeitschriften zur Veroffentlichung eingereicht sind. AuBerdem finden sich am Ende der

Arbeit die technischen Zeichnungen aller Bauteile und Bauteilgruppen des von mir entwickelten

und "gebauten Landers.

Ais Doktorand am Max-Planck-Insititut fur marine Mikrobiologie arbeitete ich als Mitglied

der sogenanntel1 Landergruppe, die aus den Doktoren Ronnie Glud und Jens Gundersen bestand.

Beide befaBten sichbereits seiteinigenJahrenmit der Landertechnologie und besitzenaufdieselTI

Gebiet umfangreiche Kenntnisse. Die existierenden Lander waren zum einen ein Gerat zur in

sitll-Erfassung von Sauerstoffmikroprofilen (und spater auch anderer Parameter wie z. B. Sulfid,

pH) tiber die Sediment-Wasser-Grenze (PROFILDR), zum anderen ein benthischerKammerlan­

der, mit Hilfe dessen die Austauschraten geloster Substanzen in situ erfasst werden" kOlUlen

(ELIN0 R). Dievielfacheerfo19reicheAnwendungdieserbeidenLanderindenvorausgegangenen

Jahren war AnlaB, die Entwicklung eines weiteren Gerates in Betracht zu ziehell, das die in situ­

Bestimmung der Sulfatreduktion ermoglichen sollte, einem bedeutenden ProzeB im globalen

A"bbaugeschehenorganischenKohlenstoffes. Die Allregung zudiesem Projektkam urspriinglich

'VOIl Herrn Prof. Bo Barker J0rgensen, der sich seit vielen Jahren mit demmarinen Schwefelkreis­

laufbefa13tU11d insbesondere die herausragende Rolle der Sulfatatmllng bei dem Abbau organi-

scher Sllbstanz herausgestellt hatte~

Die Ideen,wie ein Lander zur Messung der in situ Sulfatreduktionsraten technisch und

wissenschaftlich zu realisieren sei, wurden von mir entworfen und in konstruktiven Gesprachen

innerhalb der Landergruppe verbessert. Dabei orientierte ich mich7 soweit dies sinnvoll und

moglich war, an den bereits im Institut bestehenden Ansatzen bzw. technischen Losungen und
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konzipierte das Gerat (LUISE) so einfach wie moglich, urn eine optimale Anwendbarkeit zu

erzielen. Zur Erprobung verschiedener technischer und wissenschaftlicher Ansatze, die bei dem

Bau des Gerates Verwendung fanden, fiihrte ich eine Reihe von Experimenten durch, aufdie im

Rahmen dieser Arbeit nur kurz eingegangen wird (siehe Einleitung). Das Instrument selbst wurde

von der danischen Firma KC Denmark Research Equipment als Auftragsbau nach von mir

erstellten detaillierten technischenZeichnungen angefertigt. Diese Zeichnungen sind als Anhang

cler vorliegenden liubeit beigefugt und entsprechen dem gegenv/artigen Stand des Landers. Die

Zeichnungen habe ich erstellt, mit Ausnahme von wenigen, die im Anhang mit dem Namen des

Zeichners gekennzeichnet sind.

1m Folgenden gebe ich eine Ubersicht tiber die von mir und meinen Kollegen geleisteten

Arbeiten, die in Farm der Veroffentlichungen in den einzelnen Kapiteln dieser Arbeit Zllsammen­

gefaBt worden sind. 1m ersten Manuskript (KapiteI2.1) wird das von mir entwickelte Landege­

rat zum ersten Mal vorgesteIlt, zu'sammen mit einem Datensatz, der auf einer Ausfahrt ins

Gotlandbecken gewonnen wurde und der die neuartigen in situ-Daten den aufherkommlichem

Wege im Labor ermittelten gegenuberstellt. rch organisierte und koordinierte diese Fahrt und war

verantwortlich rur die Einsatze meines Landers; auBerdem stammen aIle in den gezeigten Daten

verwandtenBerechnllngenvonmira Andreas Weberhalfmirbei del" zeitaufwelldigen Bearbeitung

der Sulfatreduktionsproben. Ich verfaBte das Manuskript mit inspirierender Unterstiitzung von

Pl"of~ J0rgensen und Dr. Glud. Das zweite Manuskript (Kapitel 2.2) beinhaltet den kompletten

Datensatz del" bereits er~ahntenAusfahrt illS Gotlandbecken. Die auf dieser Reise gewonnenen

in situ- und Labordat~n verwandte ich, urn die am benthischen Abbaugeschehen beteiligten

Prozesse zu quantifizieren und in Relation zur ortlichen Primarproduktion und dem dauerhaften

Entzug organischen Materials durch Vergrabung zu stellen. An diesel~ Fahrt nahmen auBer mil"

noch WolfgaIlg RieB, Andreas Weber und Frank Wenzh6fer teil, die als Doktoranden am MPI

beschaftigt sind. Dr. Ola Holby begleitete uns als Fahrtleiter. Diese Ausfahrt war die erste, auf

der aIle drei Lander des MPls erfolgreich zusammen eingesetzt wurden. Frank Wenzhofer

betreute den Lander PROFILUR und stellte fUr das Manuskript die Messungen des diffusivell

Sauerstoffflusses ins Sediment zur Verrugung. Wolfgang RieJ) arbeitete mit dem Kammerlander

.ELIN0 R; von ihm stammen die in situ-Daten der benthischen Ntihrstofffliisse, an deren Analyse
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auch ich beteiligt war, sowie die Daten zur beobachteten Makrofauna. Andreas Weber fuhr die

CTD Einsatze und unterstiltzte michbei cler Vor- und Nachbereitung der Einsatze von LUISE

sowie bei der Verarbeitung der zahlreichen Proben, anhand derer ich die Sulfatreduktionsraten

errechnete. Die Berechnung aller Daten, die im Kapite12.2 Verwendung fanden, habe ich durch­

gefuhrt; desweiteren schrieb ich auch· das Manuskript, wiederum mit konstruktivem EinfluB

seitens Dr. Glud und Dr. Ralby. Noch bevor der Lander LUISE fertiggestellt war, nahm ich an

ich die Aktivitat der Sulfatatmung in Abhangigkeit von der Inkubationszeit an vier Stationen. Ein

GroBteil dieservonnlirerhobenenDatenfandEingang ineine Veroffentlichung (Kapitiel,2.3), die

sich mit cler Adaptation von sulfatreduzierenden Bakterienpopulationen an permanent kalte

Bedingungen befaBt. Jens Sagemal1..ll bestinlInte in Laborversuchen die Temperaturabhangigkeit

und -anpassung der Bakterien. Weiterhin verfaBte er das Manuskript, wahrend Prof. J0rgensen

und ich an der Gestaltung der Daten und des Textes teilhatten. AIle beschriebenen Manuskripte

sind zum Zeitpunkt der Einreichung dieser Arbeit dem Review-ProzeB unterworfen; daher sind

nachtragliche Anderungen inhaltlicher Art moglich. Das Kapitel 'Acknowledgements' wurde

j eweils entfernt und in die allgemeine Danksagung integriert.

Bedankell rn6chte ich mich in erster Linie bei Herrn Prof. Bo Barker J0rgensen ftir die

Vergabe und das Interesse an dieser Arbeit und die kontinuierliche Unterstiltzung in all ihren

Aspekten. Desweiteren gilt mein Dank Dr. Ronnie Gilld, Dr. Ola Holby und Dr. Jens Gunder­

sen, die vor allern bei den technischen Fragen des Landers unermudlich konstruktiv zur Seite

standen lInd ihre groBe Erfahrung aufdiesem Gebiet einbrachten; sie sind daher nicht unerheblich

an der erfolgreichen Realisierllng beteiligt. Dr. Ronnie Glud unterstiitze mich auBerdem beim

Verfassen der einzelnen Veroffentlichungen mit detaillierter und produktiver Kritik, die sehr zur

Pronlotion seiHerrn Prof. Dr. Horst D. Schulz herzlich gedankt.

Den Mitarbeitern des Max-Planck-Institutes fur marine Mikrobiologie, besonders den

l'-vlitgliedern der Abteilungen Biogeochemie, der Landergruppe und dell Werkstatterl, nluellte iell

tueinen Dank fur fortwahrende Hilfsbereitschaft wahrend der Arbeit am Lander (Axel Krack,
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Olaf Eckhoff, Georg Herz, Volker Meyer, Gerhard Ko~he) und im Labor (Kirsten Neumann,

Swantje Fleischer) aussprechen. Schlie13lich standen mir bei der Bearbeitung der Daten und der

Verfassens der Manuskripte Dr. Bo Thamdrup, Dr. Henrik Fossing und Dr. Tim Ferdelman oft

als Ansprechpartner zur Seite, die in vielen Diskussionen wichtige und konstruktive Anregungen

einbrachten. Qhne die gute Zusammenarbeit mit ihnen ware es mir nicht moglich gewesen, diese

Arbeit zu einem fruchtbaren Ende zu bringen. Unermiidliche Begeisterung fur technische Fragen

_ __ _1 ~.1_ . ...1 _1 _ ._ T"'t. 1. _ _ _ _1 _ _. ....... _ •• ~. 1 . 1 ~ T T J 1 "...,1 • I /T:r~ ""I""'. ... """'

vor una wanrena aer oaupnase aes uerales oraCllle l\..enneln cnrlSlensen ~.I.\..L uenmarK Ke-

search Equipment) ein, worur ich ihm dankenmochte. Nicht zuletzt richte ich meinen Dank an

die Mitarbeiter, die mich bei denSchiffsausfahrten unterstiltzt haben, sei es bei der Arbeit am

Lander oder auch bei der Gewinnung von Sediment- und Porenwasserproben. Hiet denke ich vor

allem an meine Mitstreiter Andreas Weber, Wolfgang RieB und Frank Wenzhofer, die zudem

freundlicherwiese ihre Daten der Gotland-Ausfahrt flir die Veroffentlichung zur Verfiigung

stellten.

Allen nicht namentlich erwahnten Kollegen und AuBenstehenden mochte ich flir ihre Geduld

und ihr Interesse auch wahrend einzelner Motivationstiefs danken. Ingrid Kunze unterstiitzte

mich im Privaten wie im Beruflichen durch ihr Verstandnis und ilrre Liebe, die sie mir entgegen­

bracllte. AbschlieBend sei ganz herzlich meinen Eltern fur ihre Unterstiitzung waIrrend meiner

gesamten Ausbildung gedankt.
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1 Einleitung

Einleitung

Der globale KohlenstojJkreislauf

Die BedeutQng des globalen Kohlenstoffkreislaufes flir die Steuerung des Klimageschehens der

Erde ist in den letzten Jahrzehnten zunehmend etkannt worden (Uberblick z. B. in Wollast und

Chou, 1993). Pflanzen und photosynthetisch aktives Plankton (Algen und Bakterien) fixieren

Kolilelidioxyd ill orgalliscllell Verbindungen, deren grooter Teil durch mikrobiellen Abbau

letztendlich wieder zu anorganischen Nahrstoffen und CO2 abgebaut wird und so wieder am

Kreislaufteilnehmen kann. Der verbleibende reil wird in marinen Sedimenten vergraben und so

(voruberg~hend) dem direktenKreislaufentzogen.

Die jahrliche Gesamtproduktion organischer Materie wird mit ca. 105 (± 50%) Ot C angege­

ben, von denen ca. 50% aufdie Meere entfallen (Longhurst et al., 1995). Von der durch marine

Primarproduktion syntlletisierten organischen Substanz verlassen nur ca. 20% die photische

ZOlle (Hedges undo Keil, 1995), und aufgrund von Abbauprozessen wahrend des Absinkens

erreic11t mit zunehmender Wassertiefe ein immer geringerer Anteil den Meeresboden. Diese

sogenannte Exportproduktion errnoglicht die Existenz komplexer benthischer Lebensgernein­

schaften, die die organischen Verbindungen abbauen; nur ca. 0.4% der ursprtinglichen Gesarnt­

menge werden schlie131ich vergraben. Da terrestrische Sedimente hingegen nicht zur Vergrabung

beitragen (Romankevich, 1984), kommt dem Weltmeer als einziger Senke fur C02 eine entse-hei-

dellde Rolle bei del" Steuerullg des Kohlendioxydhaushalts und damit des Klimas zu. Nebell del"

natiirlicllen Produktion dieses Gases ist nach nelleren Erkenntnissen durch verstarkten Nutzung

fossiler Energietrager auch anthropogenen Einflussen eine nicht unwesentliche Beteiligung an

del" globalen CO 2-Bilanz zuzuschreiben (de Baar und Suess, 1993). Da Sauerstoffder terminale

Elektrollellakzeptor bei der Oxidation orgal1ischer Materie ist, ist es letztlich die Vergrabung

organischer Materie und reduzierter Schwefelverbindungen in marinen Sedimenten~ die tiber

geologische Zeitraume die Anreicherul1g.von Sauerstoffin del" Atmosphal"e ermoglicllt (Hedges

1111d Keil, 1995).
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Das in den Ozeanen sedimentierte organische Material verteilt sich unterschiedlich auf die

verschiedenen Tiefenstufen der Weltmeere: Wahrend der offene Ozean mit ca. 79% den gr5Bten

Anteil der Weltmeerflache innehat, liegt der Anteil dieses Sedimentationsraums an der globalen

jahrlichen Mineralisation doch nur bei ca. 2%. Dies und der Umstand, daB die Bodenwasser in

der Tiefsee im Allgemeinen eine hahe Sauerstoffsattigung aufweisen, fiihrt dart zu einem fast

vallstandigen aerobenAbbau, und nur ca. 4% des weltweit jahrlich durch Vergrabung dem

¥,JeislaufentzogenenKohlenstoffesverbleibeninpelagischenSedilllentell.DieKontinentalhange

und die Schelfe hingegen, die zusammen nur ca. 21 % der Flache der Weltmeere einnehmen

(Kennett, 1982), erhalten durch die Zufuhr der Fliisse vom Festland erhebliche Mengen sowohl

terrigenen Materials als auch organische Substanz in geloster und partikuliirer Form (0.4 Gt C

a-I, Hedges, 1992; Mackenzie et ala, 1993) sowie geloster Nahrsalze. Letztere bedingen zusam­

men mit den von unterhalb der photischen Schicht eingemischten Nahrstoffen eine hohe Primar­

produktion, die wiederum, in Kombination mitdem Eintrag klastischer Partikel, zu hohen

Sedimentationsraten fiihrt. Zudem gibt es zwischen ca. 400 N und 400 Smeist an langengradparal­

lelen Abschnitten der Westkiisten der Kontinente Auftriebsgebiete, in denen die Zufuhr nahr­

stoffreichen Wassers aus groBeren Tiefen weiter verstarkte Prirnarproduktion und infolgedessen

h6here Sedimentationsraten nach sich zieht. In der jahrlichen Mineralisationsbilanz stehen die

Schelfe und Kontinentalhange daher mit ca. 98% des weltweit im marinen Milieu sedimentierten

organischen Materials an erster Stelle. Alleine die kiistennahen Sedimente tragen mit 83% dazu

bei; \veiterhin enthalten sie 87% des jahrlich vergrabenen organischen Materials (Berner, 1982;

J0rgensen, 1983).

~4bbalt\ti'ege organischer Substanz in marinen Sedimenten

IIIden sogenannten "anoxischen0 berflachensedimenten" (Henrichs und Reeburgh, 1987), die in

v/el1igen ~y1illimetem bis Zentimetern Tiefe keinen Sauerstoffll1elrr elltllalten, 1st das Abbauge-

schehen, iln Gegensatz zur Tiefsee, bereits in den oberen Dezimetern des Sedimentes in eine

Vielzahl verschiedener Stoffwechselwege aufgeteilt. Diese lassen sich vertikal in der Sediment­

SallIe nach abnehmendem Redoxpotential und abnehmendem Energiegewinn (-.6.G) bei der

Reaktion mit den verschiedenen Elel(trollellakzeptoren zonieren. Der hone Gehalt an organi-

schen Verbindungen in den Sedimenten der Schelfe und oberen Kontinentalhange bedingt hone
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Raten aerober und anaerober Respiration. Dies hat zur Folge, daB Sauerstoffbereits innerhalb

der obersten Sedimentschichten verbraucht wird, und zwar zum einen durch direkte Reduktion

wahrend aerober Atmungsprozesse, zum anderen bei der chemischen (Re-) Oxidation reduzier­

ter Stoffwechselprodukte anaerober Atmungswege, die in Richtung Sedimentoberflache diffun­

dieren. Unterhalb der Zone aerober Atniung schlieBt sich typischerweise ein Bereich an, in dem

das durch (oxischen und anaeroben) Abbau organischer Substanz produzierte Nitrat (NO)-) als

Elektrollellakzeptor diellt Ulld zu lTIolekularem Stickstoff(t~2, Denitrifikation) oder, zu geringe-

ren Anteilen, Ammonium (NH4+, Nitratammonifikation) reduziert wird. Mangan(hydr)oxide, in

denen Mangan in der Oxidationsstufe +IV vorliegt, kommen typischerweise in marinen Sedi­

menten vor und werden vermutlich von Bakterienpopulationen als Elektronenakzeptor genutzt,

die auch Eisen(hydr)oxide umsetzen konnen. Die Existenz von Bakterien, die-ausschlieBlich

Mangan(hydr)oxide als Elektronenakzeptor nutzen, ist bislang ungesichert. Bei der dissimilato­

rischen Manganreduktion wird Mangan zu seiner zweiwertigen Form reduziert, die bei den im

Sediment vorherrschenden pH-Werten zwischen 6 und 8 loslich ist. Ein weiterer Stoffwechsel­

weg beruht auf der Reduktion von Eisenverbindungen, die, meist in Form von Oxiden oder

Hydroxiden, in allen marinen Sedimenten in groBen Mengen enthalten sind. Sie werden von den

bereits erwahnten eisenreduzierenden Bakterien genutzt, urn organische Substanz zu oxidieren,

ein ProzeB, bei dem Eisen in der Oxidationsstufe +11 freigesetzt wird. Dieses reagiert chemisch

mit durch Sulfatreduktion produziertem Sulfid (8 2-), das im Sediment nach oben diffundiert, zu

unloslichen Eisensulfiden, welche die oft zu beobachtende dunkle Farbung der tieferen Horizon­

te (mariner) Sedimente bedingen. Die beschriebenen sogenanntel1 Metallatmungen und die

Denitrifikation tragen irn Allgemeinen nur in geringem MaBe zur Ulllsetzung organischer Mate­

rie bei, verglichen mit der aeroben Atmung und der Sulfatreduktioll. Nur in speziellen Sedimen­

tationsraumel1, wie zum Beispiel im Amazonasdelta oder in der Norwegischen Rinne vor

Siidnorwegen, herrschen Bedingungen, die die Prozesse der Mangan- und Eisenreduktion an­

scheil1end fordern, so daB dart der Abbau organischer Materie fast aus~chlie131ich tiber diese

Stoffwechselwegeerfolgt(Aller, 1990; Canfield et al., 1993). Bei der sich der Eisenreduktion im

vertikalen Sedimentprofil anschlie13enden Sulfatatmung wird das im Meerwasser in hohen

Konzentrationen vorhandene geloste Sulfat (SO 42-) bakteriell zu Sulfid (S2-) reduziert. Obwohl

der Energiegewinn (-LlG) dieser Reaktion recht niedrig ist (siehe nachfolgend· aufgeflihrte Uber-
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sicht), bestimmen die hohe Verfiigbarkeit von Sulfat zusammen mit der Effizienz bei der Oxida­

tion organischen Kohlenstoffes (ein Mol Sulfat kann zwei Mol Kohlenstoffder Oxidationsstufe

ooxidieren) die groBe Bedeutung dieses Stoffwechselprozesses imAbbaugeschehen. Als letzter,

am wenigsten energiereicher ProzeB foIgt in der Tiefe die Methanogenese, bei der organische

Materie zu Kohlendioxyd und Methan (CH4) umgesetzt wird. Das freiwerdende Methan wird

von sulfatreduzierenden Bakterien direkt wieder aufgenommen und zu Kohlendioxyd und

\Vasser abgebaut.

Nachfolgend findet sich nun eine Ubersicht tiber die beschriebenen Stoffwechselwege mit

den zugehorigen Reaktionsenthalpien in der Reihenfolge, wie sie in einem Modellsediment

vorzufinden waren (nach Froelich et al., 1979). Angegeben sind jeweils die stochiometrisch

korrekten Reaktionen, die bei der Oxidation eines Mois einer nach clem Redfield-Verhaltnis

(Redfield et al., 1963) aufgebauten Modellsubstanz bei den verschiedenen Prozessen ablaufen:

Aerobe Atmung (LiGo = - 3190 kJ/ Mol Glucose)

Derltrijikation (~Go = - 3030 kJ/ Mol Glucose)

1\1anga11reduktion (ilGo = - 3020 kJ/ Mol Glucose)

(CI-I20)106 (NH3)16 (H3P04) + 236 ivIn02 + 472 H+ ==> 106 CO 2 + 236 J\1n2+ + 8 f~2'+

H3P04 + 366 H20

Eisel1redttktion (LlGo = - 1330 kJ/ Mol Glucose)

(CH20)106· (NH3)16 (H3P04) + 424 FeOOH + 848 H+ ==> 106 CO 2 + 424 Fe2+ + 16 NH3 +

H3P04 + 742 H20
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Sulfatreduktion (dGo = -380 kJ/ Mol Glucose)

Einleitung

(CH20)106 (NH3)16 (H3P04) + 53 SO 42- ==> 106 C02 + 53 S 2- + 16 NH3 + H3P04 + 106
H20

Methanogenese (L\Go = -350 kj/ lvlo1 Glucose)

Quantitativ sind aerobe Atmung und Sulfatreduktion die bedeutendsten Prozesse bei der

Mineralisierung organischen Kohlenstoffs in allen normalen Sedimenten (Bender und Heggie,

1984; Henrichs und Reeburgh, 1987).

Die Rolle der Sulfatreduktion

Obwohl biologische Sulfatreduktion schon seit Ende des letzten Jahrhunderts bekannt ist

(Beijerinck, 1895), fiihrten erst Entdeckung und Isolierung verschiedener sulfatreduzierender

Bakterien in den siebziger und achtziger Jahren wieder zu einem verstarkten Interesse an der

Rolle dieses Prozesses im globalen Kohlenstoffkreislauf. Der Grund dafur ist darin zu tinden,

daB die neu entdeckten Bakterien irn Gegensatz zu den wenigen bisher bekannten Isolaten aus

dem marinen Milieu in der Lage waren, eine Vielzahl verschiedener Substrate vollstandig, d.h. zu

Kohlendioxyd, abzu'bauen (z.B. Widdel, 1988; Widdel und Pfennig, 1981). Unter anderem durch

diesen Generalismus bei der Wahl der Kohlenstoffquelle laBt sich die groBe Bedeutung der

Slilfatatmung - trotz ihrer relativ zur aeroben Atmung geringen Energieausbeute - verstehen.

Wahrend frliher die Sauerstoffzehrung eines Sedimentes als ein gutes MaB flir die im Sediment

abgebaute ~v1enge organischer Substanz angesehen \X,nlrde (z.B. Teal und Kan\visher, 1961),

erkan_nte J0rgensen (1982) bei Untersuchungen an flachmarinen Sedimenten mit Hilfe neuartiger

Tracertechniken zur Bestimmung von Sulfatreduktionsraten (Zhabina und Volkov, 1978), daB

die Sulfatatmung eine dem Sauerstoffvergleichbare Rolle spielt. Den Anteil beider Prozesse am

bentllischen Gesalntabbau in kusterillahen Sedimenten quantifizierte er aufje\veils ca. 50%. Eine

weitere Verschiebung dieser Bewertung zugunsten der Sulfatreduktion ist in den vergangenen
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Jahren erkennbar, und neueste Forschungen deuten auf eineDominanz dieses Stoffwechselwe­

ges nicht nur in anoxischen Becken (Canfield, 1989; Kapitel 2.2), sC?ndem zunehmend auch in

vielen kustennahen und Schelfsedimenten, die von sauerstoffhaltigem Bod.enwasser tiberlagert

sind (Tham'drup und Canfield, 1996; Kapitel 2.2). Ausgehend von diesen Erkenntnissen ent­

stand die vorliegende Arbeit, deren Zielsetzung es war, einen benthischen Lander zu entwickeln

und zu erproben, der die Bestimmung der Sulfatreduktionsaktivitat unter in situ-Bedingungen

derLandertechnologieeinunddiskutieredie Probleme fur biogeochemischeUntersuchungen, die

aus gangigenProbennahmetechniken entstehen.

Probiemsteilung undLosungsmoglichkeiten mittels der Landertechnologie

Biogeochemische Untersuchungen an marinen Sedimenten beruhen aufBeprobung vor Ort und

anschlie13ender Ausftihrung der vorgesehenen Experimente an Bord des Forschungsschiffes; nur

beim Einsatz von bemannten Unterseebooten oder in Gebieten, die fur Taucher zuganglich sind,

k6nnen Daten unter den in situ-Bedingungen gewonnen werden. Die Frage nach einer eventuel­

len Beeinflussung der Sedimente durch Temperaturanderung und - im FaIle von Tiefseeproben­

Druckentlastung bei der Probengewinnung wird schon lange diskutiert und ist gerade bei dem

Untersuchungsfeld der Biogeochemie von besonderer Bedeutung. Da die untersuchten F~eaktio­

nen meistbakteriell katalysiert werden, unterliegen sie der Temperaturabhangigkeit der 8toff­

wecllselvorgange der Bakterien; diese v"ird oft als QIO-Wert angegeben und gibtAuskunft tiber

den Faktor, mit dem die Stoffwechseltatigkeit der Bakterien pro 1DOC Ternperaturerhohung

steigt. Fur die meisten marinen Bakterien ist dieser Wert als zwischen ca. 2 und 4 liegend

bestimmt worden (z. B. Isaksen und J0rgensen, 1996; Pomeroy et aI., 1991). Das bedeutet, daB

bei herkommlicherProbennahme mit einerErhohung der bakteriellenAktivitatgerechnetwerden

muB, \Xlerll1 die in situ ..Temperatur des Sedimentes merklich unter der 0 berflacherillaher VIasser-

schichtell liegt. Zudem beansprucht die Praparation der Proben auch Zeit, in der sie hoheren

Telnperaturen ausgesetzt sein konnen, und selbst Equilibration und Inkubation unter in si­

tu-Temperaturbedingungen resultiert nicht in einer Wiederherstellung der originalen in situ-

Verllaitnisse (Glud et ai., 1994b). Dekompression infolge der Probennallil1e karul weiterhin fiir

Inanche barophile Organismen den Tad bedeuten (Smith und Hinga, 1983; Turley et ai., 1988;



12 Einleitung

y ayanos~ 1986), und da Wasser bei einem Druck von 400 bar ein urn 2% geringeres Volumen

einnimmt (Kell, 1975), kann Druckentlastung auBerdem zu einer Expansion des Porenwassers

und damit zu einer Verschiebung der Konzentrationsprofile flihren.

Ais Konsequenz dieser Oberiegungen und Beobachtungen wurden seit den fruhen siebziger

lahren freisinkende, autonome Landegerate entwickeIt, die verschiedene Messungen in situ

ausfiihren konnen soliten (Ubersicht in Tengberg et af., 1995). Die Entwicklung dieser soge-

nannten Lander begann mit Instrumenten, die in einer abgeschlossenen Kammer wahrend einer

gewissen Inkubationszeit die Konzentrationsanderungen von Sauerstoffund anderen Nahrstof­

fen erfassen sallten (z. B. Smith et aI., 1976). Spater folgten Gerate, die mittels neuentwickelter

Mikroelektroden Mikroprafile von Sauerstoff, pH, etc. tiber die Sediment-Wasser-Grenze

aufzeichneten (Gundersen und J0rgensen, 1990; Reimers, 1987) und dadurch eine genauere

Beschreibung der in den obersten Sedimenthorizonten ablaufenden Prozesse ermoglichten.

NeuesteO Entwickiungen beinhalten den Einsatz von Opt(r)odentechnik bei der Messung tiefer

(ca. 1 m) Sauerstoffprofile (Glud et ale ~ in prep.) sowie die Erfassung zweidimensionaler Sauer­

stoffprofile, ebenfalls mit Hilfe der Opt(r)odentechnik (Glud et aI., 1996). Oberdies gibt es

Bestrebungen, mobile Instrumente zu entwickeln, die wahrend mehrwochiger MeBkampagnen

vielfach ihre Position auf dem Meeresboden wechseln konnen, urn so einerseits kostengiinstig

bei einem Einsatz ein groBe Datenmenge zu produzieren., und andererseits Daten zur Heteroge­

nitat des Sedimentes zu liefern.

Die bislallg durch die Lander gewonnenen Daten deuten daraufhill~daB bei Tiefseesedimen­

tell die in situ-Messungen z. B. der Sauerstoffeindringtiefe oder der Nahrstofffliisse niedriger

ausfallen als die parallel ausgefuhrten Bestimmungen im Labor (Glud et aI., 1994a). Berichte

tiber Daten aus flacheren Bereicllell des ~v1eeres hingegen scheinen nahezulegen, daB der be-

sclu4 iebene Sachverhalt dart umgekehrt vorzufinden ist, d.h.., die in situ-Flilsse hoher sind als die

entsprechenden im Labor ermittelten (Devol und Christensen, 1993). Die Diskussion beztiglich

des Vergleichs der Lander-Ergebnisse mit den herkommlichen dauert noch an (Deming und

Colwell., 1985; Jahnke et al., 1989; jannasch und Wirsen, 1982).
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Der weltweit erfolgreiche Einsatz verschiedenster Landertypen (Tengberg et al. , 1995), vor

allem aber die diesbezuglich positiven Erfahrungen im MPI, waren Ausgangspunkt fUr Oberle­

gungen, ein Gerat zu konzipieren, das die Messung von in situ-Sulfatreduktionsratenermogli­

chen sollte. Auf diese Weise sallten auch bei diesem wichtigen Parameter der Mineralisation

organischer Substanz eventuelle Un.terschiede zu den bisher im Labor gewonnenen Daten erfaBt

werden, urn schlieI3lich - zusammen mit in situ-Daten anderer Abbauwege - eine realistischere

Entvvicklung und Bau des Landers

Grundlegend flir die eigentliche technische Verwirklichung des geplanten Instrumentes waren

verschiedene Experimente und Berechnungen, die in cler Vorphase des Baus durchgefiihrt

wurden. Dabei handelt es sich einerseits urn technisch-materialkundliche Versuche, zum Bei­

spiel im Zusammenhang mit den verwendeten Elektromotoren und Injektionskanulen, auf der

anderen Seite urn wissenschaftliche Ansatze, absehbare Komplikationen - etwa durch Beein­

flussung des Diffusionsgeschehens durch die vertikale Injektion und durch Erwarmung der

Proben == zu vermeiden.

Zur Kategorie der Betrachtung technischer Einzelfragen geh6rten zum Beispiel Untersu­

chungen zur benotigten Kraft, Keme mit Rohren gegebenen Durchmessers und gegebener

Wandstarke ill verschiedenen Sedimenten zu nehmen, wobei die Kompaktion des Sedimentes so

gering wie moglich gehalten werden sollte. Die Resultate der dazu ausgefuhrten Versuche gingen

in die Berechnungen zur Dimensionierung der Elektrornotoren ein, die die sechs Kernrohre von

LUISE gleichzeitig langsam ins Sediment driicken. Urn bei der Injektion des Tracers eine Ba­

lance zwischenminimalerlnechanischerBeeinflussungdes Sedimentes und maximalervertikaler

Stabilitat der ver\vendeten Kaniilen zu erlangen, wurden t~adelll unterschiedlichen Durchmes-

sers untersuchte Zum Einsatz kommen nun speziell angefertigte Hohlkaniilen aus Stahl, die

mittels vier seitlich angebrachter AuslaBoffnungen eine optimale Verteilung des Tracers im

Sediment gewahrleisten. Diese Kaniilen sind mit einer Glaskeramikbeschichtung iiberzogen,

damit ein StromfluB zwischen oxischen und reduzierien Horizollten im Sediment verhindert

wird, der sonst unter Umstanden biogeochemische Prozesse beeinflussen konnte. Sie verbleiben
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nach erfolgter Injektion im Sediment, urn nicht durch das Zurtickziehen einen Kanal zu schaffen,

entlang dessen sich vertikale Porenwasserbewegungenvollziehen konnten (siehe Abbildungen in

Kapitel 2.1).

Aufder Seite der wissenschaftlichen Voruntersuchungen stehen zum einen Diffusionsversu­

che mit Bromid ais inertem Modelltracer, anhand dessen das Diffusionsverhalten vertikal

eingespritzter Substanzen analysiert und mit der Veiteilung verglichell w-urde, die bei (her-

kommlicher) seitlicher Injektion erreicht wird. Es konnte gezeigt werden, daB sich der Tracer

wie angenommen horizontal im Sediment ausbreitet und keine Komplikationen auftreten,

solange die Diffusionsfront nicht die Wandung des Kernrohres erreicht. Fur die Ausbreitung

von Sulfat ist dies jedoch bei Inkubationszeiten unter ca. 30 Stunden nicht anzunehmen. Des­

weiteren wurden vergleichende Versuche zur eventuellen Beeinflussung von Sulfatreduktions­

raten durch verschiedene Injektionsteclmiken ausgefuhrt. Oblicherweise wird die Tracerlosung

seitlich durch silikongefililte Offnungen in den Sedimentkern gespritzt, wahrend beim Lander

die vertikale Injektion tiber die gesamte Lange des Kerns zur Anwendung kama Es konnte

gezeigt werden, daB die Ergebnisse bei vertikal eingespritztelTI radioaktiven Tracer keinen

sigllifikanten Unterschied zeigen zu solchen, die mit horizontal injiziertem erzielt wurden.

Entscheidendjedoch rur die wissenschaftliche Anwendbarkeit des Landers warenOberlegungen,

wie eine Beeinflussung der bakteriellen Umsatzraten in den injizierten Sedimentkernen wiihrend

der Aufstiegsphase durch warmere Wasserschichten sowie durch Druckentlastung verhindert

bzw. kompensiert werden konne. Hierzu wurden Versuche mit spezifischen oder unspezifi­

sellen Inhibitoren (Molybdat bzw. ca. ION NaOH) durchgefuhrt. Es zeigte sieh, daB exakte

Stl1fatreduktionsraten nur dann zu erhalten waren, wenn das genaue Diffusionsverhalten des

Inhibitors wie des Sulfats bekannt ware und damit die zwei' quasi einander folgenden Diffu-

sionsfrol1te!1 !TIodelliert v-Jerden konnten. Dieses Unterfangen stellte sich, alll'11ich Uberlegungen

zun1 insitll-Einfrieren der Kerne, als zu kompliziert heraus, zumal auch eine einfachere Lasung

gefllnden wurde. Diese besteht, wie in Kapitel 2.1 naher beschrieben wird, in der Injektion

zweier "'Sets" von je drei Kernen zu unterschiedlichen Zeitpunkten, wobei eines der "Sets"

direkt nach dern Landen, das andere hingegen erst kurz vor dem Auftaucllell injiziert wird. Die

gemessene Sulfatreduktionsaktivitat des letzteren umfaBt folglich nur die Zeitspanne, in der das
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Sediment nicht in situ-Bedingungen ausgesetzt war. Durch Subtraktion der Ergebnisse von

denen des anderen "Sets" kann die Sulfatreduktionsaktivitat des Zeitraumes, in dem der Lander

auf dem Meeresboden stand, berechnet werden.

Bei der Konzeption des Landers orientierte ich mich im Rahmen des Moglichen an den

Erfahrungen, die durch erfolgreiche Einsatze der anderen Lander des MPls gewonnen worden

Glaskugeln) und in Grundziigen das Ballastsystem fur LVISE. AIle mechanischen Vorgange und

angewandten Prinzipien sind moglichst einfach gehalten, urn zu gewahrleisten, daB der Lander

ohne langwierig.e Vorbereitung oft und erfolgreich eingesetzt werden kann.
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Abstract

A new benthic lander for in situ tracer studies to a water depth of 6000 m is presented. This

instrument allows in situ injections of radiolabeled sulfate into six enclosed sediment cores to

determine sulfate reduction rates to '60 cm sediment depth. In order to correct for possible

artifacts caused by decompression and rise in ambient water temperature during ascent and

recovery of the instrument, one set of three cores was incubated in situ for 20 h"! whereas

anot]ler set was injected shortly before the ascentQ The turnover of sulfate in the latter was

subtracted froll1 tIle first set to calculate tIle true in situ rates. This approach was tested in the

laboratory on sediment cores from a coastal marine sediment. The results of a deployment at

155 m in the Gotland Basin~ Baltic Sea"! are presented. Sulfate reduction rates were measured to

a sediment depth of 40 cm both in situ by the lander and in parallel onboard the ship. Results

of iJ1 sitl/. and laboratory illcubations match well, showing slightly 11igher rates in the laboratory

cores, especially in the deeper sediment strata.
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Introduction

A benthic lander for tracer studies.....

The development oflanders since the mid-seventies has enabled accurate sudies ofthe chemical

gradients and fluxes across the sea floor (for an overview see Tengberg etal., 1995). While diver

supported chamber studies focusing on benthic exchange processes were carried out already

1972 (Hallberg et al.), the first generation of autonomous chamber landers followed shortly

after (e.g., Smith et al., 1976; Jahnke and Ch~istiansen, 1989a; Sayles and Dickinson, 1991;

Glud etal., 1994). These instruments were constructed to incubate a certain sediment area, and

by monitoring concentration changes of oxygen, nutrients and other solutes in the enclosed

water, benthic flux rates were determined. Profiling landers capable of measllring pore water

gradients of various solutes usingmicroelectrodes were developed later (Reimers, 1987; Gun­

dersen and J0rgensen, 1990; Epping and Helder, in press). Instruments retaining the pressure of

deep-sea samples or capable of in situ water column studies (Albert et al. ., 1995) were built to

measure microbial turnover and some of the results obtained pointed to an effect on the micro­

bial metabolism due to decompression and transient warming, yet the extent and direction of

this effect is still discussed (Jannasch and Wirsen, 1982; Deming and Colwell~ 1985; Jallnke et

al., 1989b; Devol and Christensen, 1993).

Glud et ale (1994) ascribed tIle observed differences between in situ and laboratory measure­

ments of oxygen microprofiles in deep-sea sediments to the effect of decolnpression and tran­

sient heating on microbial metabolism., combined with an expulsion of pore water. These chan­

ges are known to affect and possibly be lethal to some psychrophilic a11d barophilic bacteria

and meiofauna (Smith and Hinga, 1983; Yayanos, 1986; Turley et al.., 1988). The results of

Glud et al. (1994) indicated that in situ -determination of anaerobic processes involved in the

degradation of organic matter could also yield different results as compared to laboratorj

studies. In the anaerobic degradation oforganic matter sulfate is quantitatively the most impor­

tant electron acceptor, especially in deeper shelf and continental slope sediments (Canfield.,

1989). In these environments with their low bottom water temperatures and often warm upper

mixed layers sulfate reduction measurements can be assumed to be affected by recoverj pioce-
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dures. We here present a benthic lander system capable of measuring sulfate red.uction, LUISE

(Lander for Underwater In Situ ,Experiments). First results are presented and discussed.

Description of the lander

Structure and dimensions

The main frame is a tripod of about 1.9 m height and 1.7 m width that narrows at the top to 1.1

ill (Fig'. 1). It has adjustable legs to suit different types of sediment; iron disks that serve both

as landing feet and as releasable ballast are fixed to the legs, each with a weight of 81 kg in air.

The main frame carries th~ central unit described below, the batteries, the electronic cylinder

and the ballast-release system. The flotation frame is 1.4 ill in height and carries 12 glass sphe­

res of 50 cm diameter that provide the buoyancy for ascending after deployment. The height of

the assembled lander is 3.3 m without relocation devices, and the overall weight in air is 900 kg

and 150 kg in sea water. After the release of the ballast the lander has a negative buoyancy of

.about 60 kg. Descending speed is about 1 m s-I, ascending speed around 0.7 m s-I. LUISE is

constructed for deployments down to 6000 ffi. For the time the lander is on deck~ a safety tub

attached to the frame catches possible spills of sediment or water from the core liners. The

lander was built by KC Delnnark Research Equipment.

The central unit and the operating sequence

'TIle illjection unit (Fig. 2) consists of four POM (1201YQxymethylene) plates that are connected

by three steel tubes (3 ern 0.0.). TIle upper and the lower plates (110S. 1 & 4) are fixed to the

frame., while tIle two plates in the middle (nos. 2 & 3) can be moved mechanically along tIle

sUppOrtil1.g steel bars. Six coreliners (3.6 cm I.D, 70. em length, polycarbonate) are fixed to the

lower moving plate (no. 3) and can be lovvered into the sediment (111ax. 60 em) by a central

spindlebar driven by two 80 W electrical motors (Co. Maxon~ type 22.60.885, geared to a

100: 1 gearbox). Motors and gears are positioned at the top of the central unit in a pressure

compensated housing. Reed-type switches interrupt the power supply for the motor when the

plates have reached their end positions. A piston is used in order to avoid compaction of the
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Figa1: Overview of the benthic lander LUISE.
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sediment during coring..The canulas (2.7 mm O.D., 1.1 mm I.D., 70 cm length) are driven each

by a small motor (Co. Faulhaber, type 1331.0128, geared to a 159:1 gearbox), placed in a

pressure compensated housing. The motor housing itself glides along steel tubes holding the

piston for each core (Fig.2). The motors move the whole injection unit downwards by a spind­

lebar. The motion of the motors is also transferred onto a piston moving the plunger of the

syringe containing the tracer, thus injecting the tracer continuously while the canula is being

inserted into the sediment. This principle allows an even distribution of tracer, even if the

implantation of the canula is hampered by obstacies. The cores and the injection units are

retrieved into the main frame at the end of the incubation·by the central motor. The cores are

sealed in situ by corecatchers on the underside of the bottom plate. The spring loaded corecat­

chers are released upon contact with the downward moving plate (plate no. 3; Fig. 2) and move

small plates horizontally under the end of each coreliner when tlley are at their top position.

An overwiew of the actions performed by the central unit during a deployment is given in

Fig. 3. After landing on the sea floor (1) a wait cycle is executed to allow for the stabilization

and settling of resuspended sediment particles. Subsequently the core-liners are pushed into the

sedinlent (2) and the injection ofthe tracer (3+4) can be executed individually for each core. The

cores with the canulas still in the sediment (retrieval of the canulas would result in a channel

that would allo\v pore water to migrate) are retrieved into the main frame after the preset

incubation time (5) and the ballast is released via a bumwire or acoustically from shipboard (see

below).

Electronics and power supply

The lander is controlled by a computer housed in a pressure stable aluminum case. This compu­

ter features a 16 bit micro-controller,; 2 MB RAM memory, a 16 bit AID converter with 16

channels and 40 digital I/O-channels for controlling purposes. The power consumption of the

computer is ca. 200 rnA. On-deck communication is via a serial port to a pc. The software

enables tIle user to store predefined programs for the lander to carry out movements or measu­

rements at given times and to extract stored data from the memory. The power for the electro-
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Fig.2: Schematic overview of the central unit of LUISE. Plate numbers refer to num­

'bers given in the text. ErJ.1arged section shows a detailed view of an injection unit.

Only two of the six injection systems are shown.
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Fig.3: Deployment sequence of the lander LUISE. Position of the injection systems:

1) upon landing; 2) during coring; 3) during injection; 4) after injection and 5) before

retrieval of the lander.
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nics, the sensors (pressure and temperature) and the ballast release system (see below) is

provided by a 24 V/38 Ah lead acid rechargeable battery (Deep-Sea Power and Light), sitting on

the base of the main frame next to the central unit. Another battery (12 V/76 Ah) provides the

power for the motors that drive the cores in and out of the sediment and for the small injection

motors ..

Release systems and relocation

Each ballast iron disk is held to the leg by a clamp on a steel wire. The three steel wires from

the legs are cOl1.11ected to a ring held by a lever hook that is kept in position by three serially

connected ballast release systems: a) a simple bumwire controlled by the computer; b) a release

hook that can be activated acoustically from shipboard, and, ifboth systems fail, c) a magnesi­

um bolt that galvanically corrodes when submerged. For surface location a flash and a radiobea­

con (Co. Novatech, 7-10 NM and 15-20 NM range, resp.) are fixed on top of the flotation

frame by two polycarbon rods of 2 m length. In case the lander surfaces when the ship is not

on location, it can be tracked by an ARGOS satellite system.

Principle of measurement

Profiles of sedimentary sulfate reduction rates are determined by whole-core injections of 358­

labelled sulfate that, together with the unlabelled pool of sulfate in tIle pore water, is bacterially

reduced to H2S. The reduced 35S (H2S, FeS, FeS 2, SO) is separated by acid distillation in a

er(II) solution (Fossing and J0rgensen~ 1989). In our case of in situ injected and incubated

cores., additional sulfate reduction takes place under non-in situ conditions during ascent and

recovery of tIle lander. This artifact needs to be corrected for, and as it turned out to be too

difficult to stop the nletabolic activit'j at the end of the incubation by injection of an inllibitor

into the sedinlent, weappIied a dual period incubation scheme: All six cores of LUISE are

implallted after landing; after an initial wait cycle, three cores are injected with tracer, whereas

the remaining cores are injected shortly before ascending. This second set of cores experiences

the temperature and pressure changes on the background of a very sI10rt in situ incubation and
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Fig.4: Principle of the sulfate reduction scheme in injected cores during a lander

deployment. Note the different incubation times for the two sets of cores.

thus gives a good estimate of the artif8:ct caused by the ascent and recovery. By subtracting the

results of this second set from the first one that has also experienced a long in situ incubation..

the n1entioned artifacts ca11 be corrected for (Fig.4).

I\laterials and methods

Study area

L,lfISE: vvas first deployed successfully on a cruise to Gotland Basin.. Baltic Sea.. bet\veen

4-\UgUSt 15 th and 20th, 1996. The results from one station at 155 n1 depth., positioned at 57°15.6

N'I 20°21.8 E are presented here as an example. The results from other stations \viII be publi-

shed elsewhere. The temperature of the surface water was 18°C .. \vhile the bOttOD1 \vater \vas

-t.5 tJ C. 'The bottom water oxygen concentration was 40 }IN'f (11 ~/o air saturation) and the salini­

ty at the bottom was 11.2%0. The sedin1ent consisted of mud sho\ving tine laminations in the

tirst ca. 2 em" below \vhich followed silty" gray strata to a depth of ca. 10 em. Belo\v that and to

the bottoIn of the core a pure clay of light gray colour persisted: the transition to the overlying

Sediments vvas sharp and uneven. This sediment was deposited during the Ancy Ius stage of the



30 A benthic lander for tracer studies.....

Baltic Sea, some 7000 years ago (Kogler & Larsen, 1979). As normally the holocene muds on

top of this freshwater deposit are much thicker (up to 7 ill in the central Gotland Basin; Win­

terhalteret aI., 1981), erosion must have occurred. Six cores of 35-40 cm length were taken by

LUISE. Each core was injected in situ with 0.5 ml of a carrier-free 358042- solution (Amers­

ham) diluted in bottom water of the station to a specific activity of 12 MBq ml- 1• Three cores

were incubated in situ for 19.8 h, the tbJee remaining ones for 1.8 11. Immediately after reco-

very on deck the cores were sliced into 1 cm segments and fixed in 20 ml 20% zinc acetate

solution. As the total sulfate reduction in the short-time incubated cores was only ca. 10% of

that of the long incubated cores, the error caused by the preparation of the cores at ambient

temperature was small.

A set of parallel cores of the same diameter were subsampled from multicorer cores and

kept in an incubator at in situ temperature before injection. After an 8 h equilibration tilne 10

Jll ofthe tracer solution were il?jected at 1 em depth intervals with a microliter syringe horizon­

tally through silicone filled ports. Three cores were incubated for 19.8 h in the incubator kept at

in .situ temperature (4.5°C), while three more cores were incubated only for 1.8 h. At the end

of the incubation periods the cores were treated as the recovered lander cores. Sulfate concen­

tration was measured by unsuppressed ion chromatography (Waters) from the supernatants of

samples from one core. Porosity (vol/vol) was detern1ined from the water C011tent of a core

subsampled from a multicorer core (24h drying to constant weight at 70°C).

TIle samples were processed in the laboratory by the single-step chromium reduction

metllod, where the reduced sulfur species in the sediment are volatilized by means of distilla­

tion in an acid chromium-II solution (Fossing & J0rgensen, 1989). The produced hydrogen

sulfide was trapped in a 5% zinc acetate solution and 5 ml of the trap solution containing the

reduced 358 were mixed 1:2 with scintillation cocktail (Ultima Gold XR~ Canberra Packard).

Subsalnples of 100 Jll of the 35S042--containing supernatant were diluted with 5 rnl water and

10 lnI scintillation cocktail. All samples were counted in a Tricarb scintillation counter. Sulfate

reduction rates v/ere calculated as described by J0rgensen (1978).
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Results

For a successful application of the described approach to compensate for artifacts it is thus

necessary to keep the ratio between the incubation times of the long vs. the short incubated

cores as large as possible. The method has been tested on laboratory incubated cores from

Arhus Bight (homogeneous silty sediment) and Kysing Fjord (heterogeneous sandy sediment

with macroalgal debris), Denmark. Six parallels ofsulfate reduction profiles were determined in

sets of: a) control cores incubated for 12 h at 4°C, b) cores that were exposed first to 4°C for

12 h, and after that to 22°C for 30 min (simulating the first set of injected cores ofLUISE), and

c) cores incubated for 30 nlin at 22°C (simulating LUISE's second set of cores). The expecta­

tion that the calculated turnovers of set b) minus the turnover of set c) cores should equal the

turnover of the control cores that only had been incubated in the cold, was confirmed for both

sampling sites (Table 1 shows as an example the results from Kysing Fjord).

The depth profiles from the station in Gotland Basin, showing the amount of sulfate redu­

ced during the respective incubation times are presented in Fig. 5 (top and middle panel). The

three parallel cores of each setup were averaged. Profiles of all cores show maximum sulfate

reduction activity at the sediment surface and a rapid decline with depth. From ca. 5 Cln depth,

the amount of sulfate reduced after 1.8 h or even 19.8 h decreased to < 5 nnlo1 cm-3 in all cores.

The profiles of the short-time incubated cores - both insitu and in the laboratory - show much

nlore scatter (a higher core-to-core variability) than those of the long incubation times. The

depti1 integrated (0-15 cm) rates were 3.68 (± 1.78)mmoI m-2 d-I and 3.36 (± 0.40) mmol m-2

d-l for the s110rt incubations in situ and laboratory, respectively. The long incubations resulted

in 0.96 (± 0.22) nlffiol m-2 d-l and 1.18 (± 0.08) mmol m-2 d-l insitu and laboratory, respecti-

vely (Tabie 2). ThllS~ the rates determined from the short incubations were higher by a factor of

about 3 tllan those from the long incubations due to warming during ascent and recovery.

Applying the approach to correct for recovery artifacts leads to the activity profiles shown

in Fig. 5 (lower panel). The calculated vaiues represent the sulfate reduction activity of 18 h

incubation time. The two profiles show a general agreement in shape; both have a maximal
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Table 1: Results of the laboratory experiments to test the working principle of LUISE.

Results shown are mean values of six parallels from Kysing Fjord. The indicated

standard error of the mean value is given through: standard deviationjSQR (n)

I Incubation tem- Sulfate turnover IIDepth interval
(± std. error of the meanISetup perature and time

(.".~\I \\..IJ.ll)

(h) value) I

a 4
D

C, 12 7.85 (± 0.49)

c 22
D

C, 0.5 1.00 (± 0.07)

3-4 a+c 8.85 (± 0.89)

b + 9.26 (± 0.46)

a 4°C, 12 2.58 (± 0.25)

c 22°C, 0.5 0.57 (± 0.11)

5-6 a+c 3.15 (± 0.31)

4uC~ 12

b + 3.22 (± 0.30)

I 22°C, 0.5

I



A henthic lander for tracer studies""""" 33

Table 2: Overview of the calculated areal rates of sulfate reduction to a depth of 15

em for the different incubation times and approaches. Rates are given in mmol

S042- ill -2 d-l and represent mean values of three cores. Standard errors of the mean

values are indicated in parentheses.

19.8 h 19.8 h 1.8 h 1.8 h calc. calc.

in situ lab. in situ lab. 18 h 18 h

in situ lab.

Areal rates in

mmol rn-2 d-) 0.96 1.18 3.68 3.36 0.80 1.01

(std.error of (0.22) (0.08) (1 78\ (0.40) (0 'j 1 \ (0.40)~. I J .-' ~)

meanvalue)

activity at the sediment surface and exhibit a sharp decline below. The profile gained' from the

in situ cores does not show any significant activity below 5 cm depth., while the laboratory

profile indicates sulfate reduction activity at a low level (around 2 nlnol cm -3 d-)) to depths of

ca. 27 em. The areal rates of the two assays partially reflect this difference in that tIle depth

integrated rate of the laboratory setup is ca. 25% higher than the in situ data. The difference~

however, is statistically not significant (Table 2).

Discussion

A transient warming of the sampled cores during recovery of the instrument will result in

inc.reased microbial activity. Sulfate reducing bacteria respond vvithout lag to rising temperatu-

res and the factor by which the respiration increases per lOoe, expressed as the Qlo-value, lies

afoulld 3 (1.5-4) for sulfate reducing bacteria (J0rgensen, 1977; Westrich and Berner, 1988;

Skyring et (II. ., 1983; Isaksen and J0rgensen, 1996). At our station in the Gotland Basin the

cores were incubated in situ for 19.8 h at 155 m depth., the sulfate reduction rate aftne investi-

gated sediment was 30 runol cm-3 d- I , the water temperature was 4°C below 20 m and the
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Fig.5: Sulfate reduction in Baltic Sea sediments; Depth profiles of 19.8 h (top), 1.8 h
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panel sho\v the amount of reduced sulfate during the respective incubation time,

while the bottom panel indicates the corrected rate ofsulfate reduction. Depth integra-

ted rates (0-15 em) are given above the dashed lLlle. Error bars Llldicate standard error

of m.ean value.
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upper mixed layer was 18°C. Assuming immediate heating of the sediment and that the QI0 of

the population of sulfate reducers equals 3, the heating during ascent and 30 min drifting prior

to recovery would then cause an error ofca. 12% of the in situ turnover (25 nmol cm -3). Assu­

ming furthermore it takes another 30 min to cut the cores, the effect would increase to 240/0 of

the in situ turnover. This scenario would yield values of up to 41 % if deep-sea conditions are

assumed,where the upper mixed layer is thicker and hence takes longer to travel through.

Whole core incubations are normally carried out by horizontal injections ofradiotracer into

the sediment-filled core. The new benthic lander system presented l1ere injects the tracer verti­

cally through the center of the core. To prevent vertical migration of the tracer solution, it must

11ave the same density as the pore water into which it is injected. A comparison of vertical and

horizontal injections of radiolabelled sulfate to a depth of 6 em in sediment cores [rOITI Arhus

Bight proved that the two methods yield comparable results (areal rates were 0.20 mmol m-2

d-l and 0.21 mmol m~2 d-1, data not shown).

The specific sulfate reduction rates ofthe investigated sediment are slightly lower compared

to rates determined for other coastal sediments at comparable depths (J0rgensen, 1989, review

in Skyring, 1987). A comparison of the depth integrated rates to otller data reported in literatu­

re Sl10WS the results from Gotland Basin to be at the lower range. We attribute this observation

011 the one hand to the decrease of sulfate reduction activity below ca. 10 ern, a depth from

which the sediment changes to freshwater deposits from the Ancylus stage (ca. 7000 a BP) of

the Baltic Sea (Kogler & Larsen, 1979). On the other hand erosion probably reduced tIle original

thicklless of the sediments overlying the Ancylus clay, exposing older~ refractory organic

nlatter to be decon1posed instead of the fresh Inaterial lying at the sedinlellt surface. Tllis, of

COllrse, ieads to iower sulfate reduction rates in the topmost sediment layers.

The deptll integrated data presented here show a relatively good agreement betweell in sitll

and laboratory measurements. The difference between the two depth integrated results is

statistically not significant, given the low overall values (Table 2). However, it was COIISpicu­

ous tl1at the laboratory incubated cores sl10wed higher turnover in deeper sediment strata. The
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investigated sediment was recovered from only 155 m depth, where pressure effects should be

negligible. The data, however, indicate that the temperature artifact can be corrected for by the

applied approach.

The duration of the recovery of the instrument and the handling of the cores took approx.

aIle hour altogether. The high rates observed in the short-time incubated cores from Gotland

Basin reflect this relatively long exposure to elevated temperatures (Table 2). In general~ it is

recommended to incubate tracer injected cores for relatively short periods because of potential

reoxidation ofreduced 358 formed. This reoxidation is ofincreasing importance with increasing

incubation time and leads to a non-linearity between incubation time and calculated sulfate

reduction rates (Fossing, 1995). The technique proposed here is therefore a trade-off between

temperature induced artifacts and reoxidation ofreduced tracer.

The first application of LUISE has shown that rates of sedimentary sulfate reduction can

now be determined in situ . The described method to overcome recovery induced artifacts was

proven to yield good results for a station comparable in water depth to shelf or slope environ...

ments. The measured in situ rates were slightly lower than laboratory rates. In deep-sea envi­

ronments suitable for deployments of LUISE (e.g., anoxic basins, upwelling areas), wllere

artifacts like e.g., decompression can be expected to be of more importance than'in the Baltic,

the lander should be an ideal tool for'measuring sulfate reduction. Furthermore, the injection of

a variety of other substances for,bentllic studies (15N-Iabeled nitrate, substrates for different

groups of bacteria etc.) is possible with this instrumellt.
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Abstract

Bentllic landers measuring diffusive (DOD) and total oxygen uptake (TOU), release rates of

nutrients, and suifate reduction rates in situ were deployed along a transect of four stations

from the slope into the basin of Gotland Deep in August 1996. Additiollally pore water fluxes

ofFe 2+, Mn2+, NH 4+ and 82- were measured in the laboratory. Degradation rates of the various

were calculated and related to a mean annual primary production. Calculation of

cllemical reoxidation rates for sulfide derived from sulfur burial data showed that most of the

DOD was consumed irl tIle reoxidation of reduced metabolic species, predominantly sulfide.

Sulfate reduction was the ~verall dorninant degradation process at all stations (30-960/0 of the

total degradation), with in situ rates showing a tendency towards slightly lower activity as

conlpared to oriboard laboratory experiments. Although reduction of manganese (hydr)oxides

apparently was coupled to biogenic degradation of organic matter., this process as well as

denitrification and iron-reduction did not contribute significantly to overall mineralization. In

tIle almost permanently anoxic sediments of the deep Gotland Basin a considerable part of the
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sedimentary sulfur inventory seems to be fixed in organosulfur compounds. Sedimentary C:S

ratios of all stations, however, were found to be in the range of normal marine sediments (Ber­

ner and Raiswell, 1983); hence, evidence for lower C:S ratios in anoxic settings as suggested by

Berner and Raiswell (1983) could not be confirmed. Activity profiles of 137Cs revealed biotur­

bation and pointed to a considerable diffusional mobility of Cs in tIle holocene sediments of

Gotland ·Deep.

Introduction

About 90% of the world's annual organic carbon input to marine sediments is believed to

accumulate in anoxic surficial sediments (oxygen penetration::; 2 em) (Berner, 1982; Hedges and

Keil, 1995). These sediments underlie highly productive coastal and shelf areas, covering only

ca. 21 % of the world's sea floor (Henrichs and Reeburgh, 1987; Kennett, 1982). Microbial

mineralization under oxic or anoxic conditions recycles the carbon and the nutrients fixed in

sedin1enting organic matter, and eventually all of the organic matter is reoxidized, except for a

certain percentage that is permanently buried in the sediment. This fraction is positively corre­

lated to thesedin1ent accumulation rate and consequently higher in coastal and shelf sediments

(e.g., Canfield, 1989; Henrichs, 1992). Mineralization in the sediment follows an intricate

-pattern of interwoven paths ofdegradatiofl; oxygen and sulfate are generally considered quanti-

tatively the most important electron acceptors in this chain of decomposition (Bender and

Heggie, 1984; .Henrichs and Reeburgll, 1987). The contribution via these pathways to overall

degradation in normal marine sediments (with oxygenated bottom water) has been quantified to

be around 50% eac11 (J0rgensen, 1982), leaving only small percentages to be contributed by

denitrification and metal reduction. The benthic oxygen consumption can be separated into two

fi"actions: one sustains the continued reoxidation ofreduced metabolic products from anaerobic

degradation pathways, while the second goes into direct heterotrophic respiration. J0rgensen

(1982) quantified the oxygen demand of these processes to be equally high in a stud·y of coastal

sediments. TIle situation in euxinic and semi-euxinic environments., however, is different; in

these settings sulfate reduction rates alone are considered a good n1easure of tIle total carbon

degradation (Westrich, 1983; Canfield, 1989). Inferred from ancient deposits rich in organic
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carbon (e.g., black shales), euxinic milieus have often been seen as places where more carbon

escapes degradation and is permanently buried compared to normal marine settings (Canfield,

1993). Yet investigations in anoxic and oxic (normal) marine sediments revealed the carbon

mineralization rates to be in the same order of magnitude (Henrichs and Reeburgh, 1987; Can­

field., 1989; Henrichs, 1992), leaving an incomplete understanding ofthe mechanisms ofenhan­

ced carbon preservation. Since most sedimenting organic ITlatter accumulates in sediments which

are anoxic close to the surface (Henrichs and Reeburgh, 1987), the efficiency of allaerobic

decomposition processes seems to be a key parameter in determining carbon burial. Furthermo­

re, sedimentation rates have been found to control burial efficiency (review in Henrichs and

Reeburgh, 1987). Thus, anoxic environments with high fluxes oforganic ~atter to the sediment

(e.gA' Black Sea:; deep basins ofthe Baltic Sea) are promising settings to investigate and compare

rates ofmineralization and burial efficiencies.

The Baltic Sea is the largest brackish water body in the world, covering ca. 372000 km2. A

permanent °halocline at ca. 60-80 ill depth prevents vertical mixing between the almost homoha­

line surface waters and deeper water masses ofhigher salinity; additionally, a seasonal thermo­

cline develops during the summer months in the surface water body, producing an intense

stratification (Kullenberg, 1981). The estuarine-like circulation pattern of the Baltic Sea is

driven by river discharges and precipitation that generate the brackish (6-9 psu) surface layer

and a difference in sea level between the Baltic and tIle North Sea (Grasshoffand Voipio, 1981).

Rare and discontinuous events 'Supply oxygenated higher salinity (12-25 psu) bottom waters

from the North Sea to the Baltic Sea via the Kattegat and the Danish Straits. As the Baltic Sea

CO!lsists of a series of basins separated by shallovv sills that impede the ll1igratio11 of this illflo-

wing denser water, salinity and oxygen saturation levels in the deep water decrease to the east

and north (Kullenberg<; 1981). During stagnation periods the deep water can be subdivided into

two bodies: a subhalocline layer with a permanent oxygen deficiency but no deoxygenation, and

the bottom water below ca. 170 m that is frequently anoxic (Grassll0ff and Voipio, 1981;

Stigebrandt and Wulff, 1987). Gotland Basin is part of the Baltic Proper, the largest part of the

Baltic Sea. It is a flat basin with gentle slopes and a maximum depth of 249 ill that displays

almost permanently anoxic conditions in its deepest parts. Annual sediment accumulation rates
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of 1.0-1.3 mm a -I have been estimated in the central Gotland Basin, but on the slopes these

values are lower and occasionally erosion can occur (Winterhalter et aI., 1981). The holocene

muds in the Central Baltic have very high contents oforganic matter (10-15% dw, Winterhalter

et al., 1981), favouring high remineralization rates both by oxygen (when present) and anaerobic

degradation pathways. In this investigation it was our aim to study benthic remineralization

along a transect from the oxic slopes 'ofGotland Basin into its anoxic center. ThJee autonomous

benthic landers capable ofmeasuring different key parameters in carbon mineralization (diffusi­

ve and total oxygen uptake, benthic exchange rates, and sulfate reduction) were deployed

together at 4 stations. Further, pore water nutrient profiles were obtained in the lab along with

sulfate reduction rates. Additionally we determined sediment accumulation rates (profiles of

137CS), profiles of sedimentary eNS contents and the sulfur inventories of the sediment co­

lumn.

Study area and sampling methods

Four stations along a transect from. the oxic into the anoxic part of Eastern Gotland Basin,

Baltic Sea, were visited with RV "Professor A. Penck" between 13 th and 22th of August 1996

(Fig. 1). CTD profiling reflected the oxic and hydrographic conditions (stratified water column

with thermocline and· pycno-/oxycline) at each station (Fig. 2). Basic station information is

sUlnmarized in Table 1. Sediment was sampled by a' multiple corer modified for use in the very

soft sedinlents of Gotland Basin. At all stations our three benthic landers were deployed

together to measure oxygen-microprofiles (PROFILUR, Gundersen and J0rgensen, 1990), total

oxygen uptake, flux rates (l'JH4+, 1'J03-, 1\1n2+, Fe 2+) of an enclosed sediment area (ELIl'JOR,

Glud et (ll., 1995) and sulfate reduction rates (LUISE, Greeff et aI., subm.) in situ.

Profiling oxygen analyses by the benthic lander PROFILUR

PROFILUR is a preprogrammed free falling benthic lander system (Glud et al., 1993; Gunder­

sen and J0rgensen, 1990; Reimers, 1987) designed to measure in situ microprofiles ofoxygen
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Fig. 1: Map of the study area and position of the stations along the transect into

Gotland Basin. The map in the lower left corner shows the Baltic proper and, in the

enlarged section, the position of the study area.
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Fig. 2: CTD water column profiles of temperature, s.alinityand Chi Q from Station 4.

Note that Chl. g values are dimensionless and only a relative measure of concentra­

tion estimated from fluorescences
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Table 1: Basic station information of the visited stations. Oxygen data .are from ­

water' samples taken by landers, other hydrographical -data are from CTD casts and

refer to bottom water.

6.96 I12oa4.ULIU

Station D~pth Temperature ' bottom water 02 Salinity pH

rn °C JIM % aIr sat. %0
I

I 75 4.5 112 29.4 8.5 6.98

2 110 4.5 68.1 1'8.1 11 7.06

3 155 .4.3 40 10.6 11 7.04

AI
_......... . ~

witll a depth resolution of 25-200 llm through the sediment~water interface. During thisCfllise

PROFILUR was equipped with six oxygen electrodes and the depth resolution was set to 100

J-lll1. TIle oxygen nlicroelectrodes were of Clark type with a guard cathode and internal refernce

and a tip diameter of 10-30 JllTI (Revsbech, 1989b). The sensors were allowed to equilibrate at

each sediment depth for 15 s before the signal was recorded. The lander was also equipped'with

a N-iskin bottle to collect a bottom water sample, which was used for electrode calibration by

Winkler titration (Gundersen and J0rgensen, 1990). All electrodes were checked for drift by

comparing in situ readings in bottom water before and after the profili11g. The oxygenpenetra­

tiol1.depth and the thickness of tlle diffusive boundary layer (DBL) were determined directly

frOlTI the profiles as described by J0rgensen and Revsbech (1985). The sediment surface was

detected by a change ofthe slope ofthe oxygen concelltration gradiel1t due to ilnpeded diffLlsive

COllditiollS ill the sediment as compared to the bottom water (Revsbech, 1989a; Sweerts et a/.,

1989). 'The diffusive oxygen uptake (DOU) was calculated using Fick's first law of diffusion

(eq~ (l)~ see below).
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Measurements of TOU and nutrient fluxes by the benthic lander ELINOR

47

The benthic lander ELINOR is a free falling lander system equipped with a chamber tha~

incubates 30 x 30 em ofsediment. The chamber penetrates 20 to 30 em into the sediment and is

closed by a lid after landing on the sea floor (Glud et al., 1994). Two Clark type oxygen mini-,

electrodes are mounted in the lid to monitor the decrease of oxygen in the enclosed bottom

water. During incubation the water is gently mixed by a central stirrer, which gives rise to a

diffusive boundary layer thickness of ca. 500 Jlrn (Glud et al., 1995). A water sampling system

equipped with five syringes takes samples from the chamber at preprogrammed times. Manga­

nese, ferrous iron, nitrate and ammonium were determined from these water samples that were

fixed after recovery arId kept deep frozen Ulitil allalysis. Belltllic excllarlge rates were calculated

[rOIn the concentration changes of the various nutrients in the chamber over time (Glud et aI.,

1993~ Glud et al. ~ 1994). After recovery the sediment was sieved and analysed for'macroinfau-

Measurements of sulfate reduction by the benthic lander LUISE

The auto110mous benthic lander LUISE is constructed to vertically inject and incubate six

sedin1ent cores with radiolabeied sulfate to determine sulfate reduction rates in situ (Greeff et

al.") subn1., chapter 2.1 of this thesis). To overcome the' artifacts of transient warming and

de~ompression during ascent and recovery of the lander, the turnover of three cores injected

shOlily before tIle return of the lander was subtracted from the turnover of the remaining cores

a et

details). In order to evaluate potential differences between in situ and laboratory studies, the

injection and incubation pattern of the lander was rnimicked in the laboratory (incubation time

and tenlperature). However, these cores were recovered by a multiple corer a11d were injected

sideways through silicone-stoppered ports. Upon recovery, the cores were immediately sliced

in steps of 1 em a11d fixed in 20 In120% zinc acetate to stop Inetabolic' activity (slicing procedu­

re was app. 20 min per core at room temperature). In the laboratory the samples were distilled

in an acid er(II) solution to volatilize and trap the reduced sulfur species (Fossing and
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J0rgensen, 1989). Sulfate reduction rates were calculated according to J0rgensen (1978). Core

lengths at the different stations varied between 38 ern (Station 2) and 54 cm (Station 4). As we

expected sulfate reduction rates to decrease with increasi~g water depth, the incubation times

were chosen'between 13 h (Station 1) and 18 h (Station 4).

Pore water a:Qalysis

At e~ch station, a sediment core recovered with a multicorer was segmented in a glove b~x

under oxygen free conditions in 5 mm slices to a depth of 3 em, in 1 em slices from 3 to 20 em

depth and in 2 em slices to the end of the core. Pore water was obtained 'with a low pressure

pore water press (Reeburgh, 1967)~ The obtained pore "vater vJasacidified and kept frozen

until analysis. Mn(II) was determined by flame atomic absorption spectrometry and Fe(II) was

measured photometrically after Stookey (1970). Animonium was measured by the flow injec­

tion method after Hall and Aller (1992), and nitrate concentrations were determined

IUlninescence detection after reductionto NO (Braman and Hendrix, 1989). Sulfate was measu­

red unsuppressed by ion chromatography (Waters) from samples fixed in zinc acetate, and

porosity (vol/vol) was determined from the water content ofa core subsampled from a multico­

rer core (24h drying to constant weight at 70°C).

Flux calculations

Fluxes of pore water nutrients and diffusive oxygen uptake were calculated using Fick's first

de
dz

<P = porosity

DO = sea water diffusion coefficient

C = concentration of the solute of interest

z = sediment depth
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The sea water diffusion coefficients (Do) of the various solutes given inLi and Gregory, (1974)

were corrected for the in situ temperature by the Stokes-Einstein equation. For the calculation

of sediment diffusion coefficients (Ds) the coefficient for sea-water was multiplied by the

squared porosity of the actual sediment-layer according to Ullmann and Aller (1982). The

DOD was calculated without using Ds.·The fluxes ofoxygen, nitrate, Mn(II) and Fe(II) into or

out of tIle sedirI1ent were converted to units ofmmol C m-2 d-! by use of the oxidation capacirj

'of each electron acceptor. Organic carbon was assumed to have an oxidation state of zero,

manganese oxides of4, and N2 was assumed to be the product ofnitrate r~duction. An estimate

of the aerobic mineralization was calculated by subtracting the oxygen necessary to reoxidize

the reduced species diffusing upward (ammonium, Mn2+, Fe 2+ and sulfide) from the in situ

diffusive oxygen uptake. Here we assumed the complete oxidation of ammonium, Iv1n2+ and

Fe2+, before the reoxidation ofsulfide commenced. Reoxidation ofsulfide was calculated \vith a

simple model that used the sedimentary sulfur inventory (corrected for the contribution of sea

accumulation rates of 0.5 nun (Station 1 and 2) and 1 mm (Station 3 and 4), respectively (Win­

terllalter et aI., 1981). Together with the measured rates of sulfate reduction (= sulfide produc­

tion), the rate of reoxidation (sulfide was assumed to be reoxidjzed to sulfate, Cline and Ri­

chards,. ·1969) necessary to maintain the sedimentary sulfur inventory was determined. Similar­

ly we calculated the annual carbon burial related to a mean annual primary production of 15

Mol C ill -2 a-I (Schulz et al. ~ 1992). The calculated fluxes of ammonium were converted to

carboll equivalents by multiplication with the mean C:N ratio of the sediment layers used for

the calculation ofthe ammonium rr....rlr1l~~:lt."t"'\T

Solid phase analysis

Measurements of total reducible inorganic suifur (TRIS) were carried out with the methylene

blue technique after Cline, (1969) with subsamples of trap solutiol1S (5% zinc acetate) of

chromium distillations. The contents of total nitrogen, sulfur and carbon as well as organic

carbon were deternlined by eNS analysis (Fisons NA 1500). Dried and ground subsamples ofa

core from each station segmented in 1 em slices were analysed in triplicate. Samples for deter-



50 Pathways of carbon oxidation in Gotland Basin .

mination oforganic caban were treated wi~h ca. 6 molar HeI and dried prior to analysis to 'drive

out carbonate. Activities of 210Pb (t 1/2 = 22.3 a) and J37Cs (tl/2 = 30.2 a) w~re measured by

g~mma spectroscopy on subsamples of dried' and ground sediment from each station.. The

determination was carried out in gastight stoppered plastic vials, in which the samples (ca. 1-8

g) were left for about 12 d prior to counting to enable the establishment of the secular 226

Ra/214Bi equilibrium in the container. Counting times were between 3 and 48 h, and the error

was at ca. 5% and higher for decreasing activities. Excess activities of 210Pb, given in Bq g-I dw,

were calculated by subtraction of the supported activity from the total activity. All samples of

all stations were measured to a depth of 5 em, below that every second em-sample was used to

a depth of 9 em, and every third to the depth from which the activities remained constant.

137CS profiles were used to check for mixing and diffusion processes, vvhile the one obtailled

profile of 210Pb could not be used to derive sediment accumulation rates.

Results

Sediment description

rrhe surface sediment of all stations was a very soft black,. organic rich mud with porosities

around 0.9. A simplified stratigraphy is shown in Figs. 6 and 7. Station 1 had a gray to black

muddy sediment witll occasional darker patches in the upper strata. An orange bacterial mat

(possibly a microaerophilic Fe2+-oxidizing bacterium, J. Ktiver, MPI, pers.comm.) covered a

part of the surface at Station 1. Stations 2 and 3 showed laminated fluffy layers to ca. 8-10 cm.

Below that., freshwater deposits of creamy colour from the Ancylus stage of the Baltic Sea

(Kogler and L.arsen, 1979) followed with a sharp transitioh. At Sta.tion 2 salldy layers L.J''l..JL. VY "'-J'I..J..L..L

11 and 30 crn occurred., below which the freshwater deposits follovved. A \tvhitish mat, proba­

bly' sulfur bacteria, covered the sediment surface at Station 2. Station 4 sediment was complete­

ly black, extremely soft (the landers sunk in app. 50 em) and had a sulfidic smell. O'nly Station

1 had macroinfauna; the dominating species were a hesionid polychaete (ca. 20 indo m -2),

j\£acoma balthica (ca. 30-40 indo m -2) and the gamarid amphipod Monoporeia affinis (ea. 200­

250 indo m-2).
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Oxygen dynamics

The diffusive oxygen uptake (DOD) of all stations is listed in Table 2a and examplary profiles

obtained by use ofmicroelectrodes are shown in Fig. 3. The DOD varied from 8.7 mmol m-2 d- I

(Station 2) to 7.6 mmol m-2 d-1 at Station 3. The mean oxygen penetration depths decreased

with water depth and bottom water oxygen concentration from 1~3 mm at Station 1 to 1~2 mm at

Station 2 and 0.7 nun at Station 3 (Fig. 3). At Station 4 (210m) no oxygen was present in the

bottom water (Table 1). Total oxygen uptake (TOU) as measured by in situ uptake rates in the

benthic chamber was higher than DOD at Station 1 (20%, Table 2aJb), the only station with

benthic macrofauna. At Station 2 DOD and TOU agreed closely (8.7 and 8.9 mmol m-2 d- l). At

Station 3, however, TOU was lower by 56% compared to DOD.

Benthic in situ flux rates

Fig. 4 s110ws the concentration changes ofvarious nutrients in the bellthic chamber from Station

1 and 2. Station 1 and Station 2 showed nitrate uptake rates ofca. 900 Ilmol m -2 d-I (Table 2b).

No rates could be calculated for Station 3 as no meaningful regression was evident in the concen-

Table 2a: Overview of the calculated fluxes of pore water nutrients at all stations.

Dissolved oxygen uptake (DOD) was calculated from in situ microprofiles (n=5). All

flu.xes calculated using eqn. (1); numbers in J-lillol m-2 d -1. run = not measured. -/+

indicates flLL-xes out of and into the sediment, respectively.

I\1n2+ Fe2+

1 8300 -425 134 -14 -88
-

2 8700 -392 -502 -7 nm

3 7600 -273 -528 -208 -489

4 O· -117 0 -659 4185
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Table. 2b: Overview of the calculated nutrient fluxes from benthic chamber lander

incubations. Numbers in JlIDol m -2 d-l. TOU= total oxygen uptake measured in situ.

Values in parantheses indicate r2 of the linear regression-fit of concentrations

monitored in the benthic chamber. run = not measured. -/+ indicates fluxes out of

and into the sediment, respectively.

tration changes over time, and no nitrate was present in the ellclosed water in the chamber at

Station 4. An efflux ofammonium into the bottom water was measured at Stations 1 and 2, and

the fluxes increased with.water depth (Table 2b). No fluxes ofammonia could be calculated for

the deeper stations as the data did not show a clear trend. Station 1 did not sho\v an efflux of

ferrous iroli, but dissolved Mn(II) was found to be released at around 130 Jlmol ill=2 d= I. Station

2 "vas found to release Mn2+ and Fe2+ from the sediment (Table 2b). No measurements of in situ

iron fluxes were obtained at Station 3, and at Station 4 no detectable iron was found in the

chamber water. ''l/I''....... rrn'l'''\l::::lt.C''a was not measured at Stations 3 and 4.

Pore water ·nutrient profiles and fluxes

The pore water depth profiles ofammonium, nitrate, reduced manganese and ferrous iron ofall

stations are shown in Fig. 3; the fluxes calculated from the concentration profiles are listed in

Table 2a. Ammonium fluxes decreased linearly (r 2 ~ 0.96) with increasing water depth. At

Station 1, nitrate was taken up by the sediment at ca. 130 I-lffiol m-2 d- 1, and at Statio11S 2 and 3
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Fig. 3: Overvievv of the pore water nutrient profiles of OX)lgen, ammonium, nitrate,

manganese and iron of Station 1 (top) to Station 4 (bottom). Oxygen data are from the

profiling lander PROFILUR. Note different depth scale for oxygen profiles.
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fluxes into the bottom water of around 500 IlmoI m-2 d- J could be calculated. No nitrate was

found in the bottom water or the pore water of Station 4, except for a probably artificial subsur­

face peak at ca. 7 em that we neglect in the further course of discussion. The release of Mn2+

from the sediment into the water column increased with increasing water depth, and the mini­

mum amount of degraded carbon that could be estimated from the fluxes ofMn2+ increased
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Fig. 4: Data from the chamber lander EUNOR from Stations 1 and 2. Only those

parameters are depicted where a calculation of a linear regression \vas reasonable.

The fluxes calculated from the concentration changes in the chamber are listed in

Table 2b.
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from insignificant 3 I-lffiol C m-2 d -I at Station 1 to 330 Jiffiol C m-2 ct-I at Station 4. Contrary to

Mn2+, calculated fluxes of ferrous iron towards the sediment surface first increased with water

depth from ca. 90 f.!mol m-2 d-l (Station 1) to about 500 Jimol m-2 d-l at Station 3, but no

significant amounts of ferrous iron were present in the pore water of Station 4. There, ferrous

iron was only found in the bottom water, and an Fe2+ flux into the sediment of4.2 mmol m-2 d- l

was calculated. Peak concentrations of ferrous iron in the pore or bottom water at all stations

occurred closer to the sediment surface as compared to the manganese peaks (Fig. 3).

Sulfate reduction rates

The measured sulfate reduction rates (SRR) of Stations 1 to 4 are presented in Fig. 5. The

laboratory incubations from all stations showed the maximum activity at the sediment surface

, and a rapid decline over depth. From ca. 15 em sulfate reduction activity became negligible in all

station in the deeper sediment strata, as concentrations were always> 2 mM (data not shown).

The depth-integrated SRR activity (0-15 em) was highest in cores from Station 2 (115 m) and

lowest at Station 3 (155 m) (Table 3). The activity profiles obtained in situ were comparable to

those of the laboratory incubated cores at Stations 2 and 3 evenn though the depth-integrated

rates 'vv'ere slightly lo\ver. However, at Station 1 and 4, differences vvere observed. The in situ

profile from Statio11 1 showed a distinct subsurface peak between 4 and 10 em., which could not

be fOUIld in the laboratory profile. As a result of this, the depth-integrated rate from Station 1

was higher by a factor of 2 as compared to the laboratory rates (Table 3). Station 4, however,

exllibited the opposite picture in all ,in situ cores: rates at a given 110rizon derived from in situ

incubations vvere lov/er by a factor of up to 9 than the corresponding laboratory incubations.

Again, this w.as expressed in the depth-integrated rates, which differed by a factor of 6 (Table
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Fig. 5: Sulfate reduction rates of sediments from Gotland Basin. Upper panel shows

results from in situ incubations, lO\Jver panel those from laboratory incubations of all

stations. Each dat~ point represents triplicate measurernents. The errorbar indicates

incubation time and calculation method see text.

Determination of total reducible inorganic sulfur (TRIS)

The resll1ts of the measurements of the content of total reducible inorganic sulfur (TRlS, com-

prises FeS~ FeS2, H2S, SO) in the sediment are presented in Fig. 6. For reasons of comparability

the sultllr contents as determined by eNS analysis are alsC? depicted in this figure. While the

profiles at Stations I and 4 were rather scattery and show'ed an increase ofsulfur over the iength

of tIle retrieved cores, Station 2 had decreasing sulfur contents to ca. 16 em and very little

amounts below. Only a sharp subsurface peak at ca. 31 em at this station is conspicuous and
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Table 3: Overview of the depth-integrated sulfate reduction rates (0-15 em) of

Stations 1 to 4 as determined by in situ and laboratory whole core incubations.

Values in mmol m-2 d-l. Standard deviation (n=3) given in parentheses.

Station

1

2

3

4

in situ incubations

(± std. dev.)

8.99 (2.36)

7.52 (1.46)

0.80 (0.39)

0.69 (0.15)

laboratory incubations

(± std. dev.)

4.66 (0.82)

10.55 (1.93)

leOl (0.18)

4.21 (0.60)

was related to a sandy layer in the freshwater deposits that made up the deeper strata of the

sedimentary column at Stations 2 and 3. Statioll 3 exhibited decreasing values with depth.

Sulfur inventories

COITected for the contribution of s~a water sulfate (2 to 22% of total S, data not shown}, the

sulfur i11ventories of the Stations as determined from both TRIS and CNS measurements are

listed in Table 4. Station 4 had the highest anl0unts of sulfur buried ill tIle sediment column,

followed by Station 1, while the two stations whose deeper strata consisted of freshwater

deposits l1ad tIle lowest values (ca.. one order of magnitude difference bet\veen the extreme

values). It is obvious tllat the TR_IS measurements yielded total sulfur contents cOlnparable to

tIle sulfur stock as calculated from eNS determinations; only at Station 4 vv'as the sulfur in-

ventory ca. 800/0 larger when measured by CNS analysis, as conlpared to TRIS analyses.
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Fig. 6: Depth profiles of total reducible inorganic sulfur (TRIS) and total sulfur as

measured by eNS analysis of Stations 1 to 4.
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Table 4: Overview of the sulfur inventories of the investigated stations as determin­

ed from CNS- and TRIS mesurements, respectively. Values are given on a wet weight

basis in mg S cm-2 over the entire core length.

IStation core-length Sulfur inventory as measured by Factor difference

I eni TnTCt
c~~sl.l\.Ju

32 135.4 153.6 1.1

2 37 38.6 30.2 0.8

3 40 11.5 12.1 1.1

I4 47 140 247.9 1.8

eNS profiles

The depth profiles oftlleCN analyses are shown in Figs. 7 and 8, along witll the molar ratios of

C:N and C:S, the latter being calculated from the sulfur contents rneasured by Ct~S analysis. A

• 1 • rw 1 . • • 1" 1 1 l' J 1 ,.. ,-, 1 . _ _ 1 _ ._ _ J _ _ 1 . _ c _ .. . _ _. _.' _ ~ ._Slmpl1Ilea stratlgrapny IS InCluaea In Inese lIgures. LarDon was alffiOSI OillY or organIC orIgIn,

and the surface concentrations increased with water depth from ca. 50/0 dw (Station 1) to ca.

10% d\v (Station 4). Only at at Station 4 inorganic carbon was present in the diagenetically

active surface sediments in concentrations of up to 1% dw (Fig. 8). Concentrations of nitrogen

.Stations 1 and 4) or even decreasing C:N profiles (Stations 2 and 3; Figs. 7~ 8). At Station 2 and

3'1 the fresllwater deposits below ca. 10 cm showed very low contents of all compounds, and no

sulfur was detected in these sediments at Station 3. Molar C:S ratios at all stations decreased

from high values at the sediment surface to lower ones below, reflecting the decrease in organic

carbon and increasing amounts ofsulfur. The mean values of the strata below the diagenetically

active 110rizon (= below 15 em) were between 4.5-5.4 (Stations 1 and 4) and 7.3 (Station 2). No

C:S ratios were calculated for Station 3, as no sulfur was measured below ca. 10 cm, vvhere the

c:s ratio was not yet stable (Figs. 7-8).



60 Pathways of carbon oxidation in Gotland Basin......

30

_C/N
-X-CIS '

o
molar ratio C:N, C:S

10 20
o -r---~~---""--.---:--X:----i

x----~

10

6

_20
E
u

..;;"

.J:
Q.
tV

"0 30

40 t
I

. I j

50 .1

Station 1 eN, % dw

2 4o
O-r-------r----~-~~

10

40

~c total;

---&-C org

-ii-N
50 -----------

.J:....
c­
(I)

"C 30

30

_CiN'

-X-- CIS

molar ratio C:N, C:S
10 20o

o 'r--------------,

! )«:-_ •.• ~.~
--x~

~..X----
-X

50 ;.,.

40

Ancylus-deposit

Station 2 CN, % dw
4 8o

O-r----j--~'~I:

10 '

~Ctotal :;:;;.

--e-- C org I
--e-N-----_.50 ~--.----...---------.----

Fig. 7: Depth profiles of eN-contents of Stations 1 (upper panel) and 2 (lower panel).

The molar C:N and C:S ratios that were calculated from the profiles are ShO\VTI in the

panels on the right. A simplified stratigraphy is shown. Dotted: cream coloured

freshwater clay; crossed: soft black (fluffy) sediment layers; vertically striped: dark

sediment with occasional black patches; dark gray: sandy layers; horizontally striped:

black and light gray laminated layersa



t:1
VI

o

10 .

20 -
E
~

.c...
C­
d)

"C 30

I~

40 ~l
I
! .
I
I

.1--

Station 3 eN, % dw
5

Ancylus-deposit

-+-C total

--&-C org____ N

·10

molar ratio C:N, C:S

a 5 1 a 1 5

a I

• n 1
IV I

I
_20 t·E .
~ I·
.c i... !e-

30 tCD
"C

I

I (
40 -+-

-----____ C/N

---X-- CIS
----_..--_._--------

o.
Station 4 eN, % dw

6 12

molar ratio C:N, C:S
5 10 15

40

10 ....

_ .- ·x-(,x-
-X----~;.<:">

-~ (
~~X-~~ I

50 '--------------------------1I

..c
C.
Q)

"C 30

f IIIII
1-: ~:~~~ I I

<» ~ ~_______ I II I
-_.__.__ ._-_._-------_._- I

o

I
1a t

i
I
i

.c:
0.
OJ '

" 30 tl
I :1
I 40 ~I

I 50 - .... ­
I-

Fig. 8: Depth profiles of eN-contents of Stations 3 (upper panel) and 4 (lower panel).

The molar' C:N andC:S ratios that were calculated from the profiles are shown in the

panels on the right. A simplified stratigraphy is shown, for legend see Fig. 7.



62

137CS profiles

Pathways of carbon oxidation in Gotland Basin......

Profiles of J37Cs are shown in Fig. 9. Except for Station 4, the measured activities decreased

with sediment depth; Station 1 exhibited a linear profile between 5 and 10 cm, and Station 2

showed a zone of roughly constant activity at the sediment surface, probably indicating biotur­

bation. Detectable activities of .137Cs were found to the lowest marine horizons in the deeper

layers of Stations 2 and 3 (stratigraphy in Figs. 7, 8). At Station 4 the 137Cs activities first

increased to a depth of3 em and decreased further below. This station also had the highest peak

activities (ca. 5 Bq g-l dw) among the visited locations. The observed peaks could not easily be

attributed to either the Chemobyl-fallout (1986) or the nuclear tests in the sixities.

Discussion

eNS analyses and sulfur inventories

The maximum carbon contents increased with water depth and were almost only of organic

origin, except for Station 4. Here the existence of up to 1% dw inorganic carbon is probably

related to the ongoing formation ofmixed authigenic Mn-carbonates (Carman and Rahrn, 1997).

Coastal sediments often show increasing C:N ratios over depth in the active surface layers

(nitrogen limitation) (e.g. Blackburn, 1979), but constant or even slightly decreasing values have

also been reported from the European Arctic Ocean (Wagner, 1993). Blackburn (1987) sugge­

sted that C:N ratios 'of marine sediments tend to stabilize at values around 10, irrespective of

the input matter. OUf observed C:N ratios in the surface sediments generally confirmed this

assun1ption as they were around 10 and thereby higher as compared to the "Redfield-ratio",

\Vllich lies at ca. 6-7 and relates to marine plankton (Redfield et al., 1963). The freshwater

deposits (Stns. 2a and 3), which represent transitional sediments between the glacial and

post-glacial phases of the Baltic Sea (Winterhalteret al., 1981) showed lower values than the

diagenetically active surface horizons and remained stable over depth (Figs. 7, 8). C:N ratios of

sedimented matter ofaround 10 indicate a preferential degradation ofnitrogen over carbon in the

water column and at the sediment surface,· while in the sediment both compounds appear to be

mineralized with similar rate constants.
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SedimentaryC:S records have been used to classify depositional environments into catego­

ries as normal marine, euxinic or freshwater (Berner, 1982; Berner and Raiswell, 1983; Berner

and Raiswell, 1984). Normal marine sediments were found to have a molar ratio of 7.5 ± 2.1,

and lower values were determined in anoxic settings, indicating higher sulfur contents. Our

findings atanoxic Station 4, however, did not show lower C:S ratios compared to the other

stations, which also fell into the category normal marine sediments; this finding is supported by

the normal C:S ratios reported by Boesen and Postma (1988) for Gotland Basin sediments. The

freshwater sediments at Station2 and 3 did not exhibit high C:S ratios as predicted by Berner's

model (1982), probably because these sediments are poor in organic carbon (Boesen and Post­

ma, 1988) and cannot be compared to present-day freshwater sediments. Measurements of

sulfur inventories by eNS and sulfide (TRIS) analysis revealed a good match of the two assays

for oxygenated stations 1, 2 and 3 with discrepancies between 10 a11d 20% left (Fig. 6, Table 6).

Station 4, on the other hand, contained 800/0 more eNS-sulfur, pointing to a considerable part of

the sulfur stock being fixed in organosulfur or other compounds that are not measured by TRIS

settling in anoxic environments can form organic sulfur compounds (OSe) upon contact with

high concentrations of pore water H2S (Kohnen et aI., 1991,; Kohnen et al., 1989; Sinninghe

Damste et aI., 1993; Wakeman et al., 1995). TIle newly formed molecules are extremely resi-

stant to biogenic degradation and thus may add to enhanced carbon preservation in euxinic

settings.

137es profiles

The absence ofChemobyl-derived 134Cs (t1/2==.2.1 a) due to its decay in the sediments since the

accident prevents a clear attribution of the observed peaks to 1986. A considerable mobility of

radio-caesium Vias found in shallow Baltic Sea sediments (Holby and Evans~ 1996) and in lake

sediments (Knof'l 1992)., and Sholkovitz a11d Mann (1986) reported a preferential diffusional

dow11ward transport of 137Cs in sediments of Buzzards Bay, Massachusetts. Our finding of

detectable activities down to the lowest marine horizon on top of the freshwater deposits

supports this idea. This indicates t,hat caesium, which is preferably bound to clay minerals,

especially illite (Brouwer et al., 1983), in the case of the brackish Baltic Sea cannot be safely
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used to determine .sediment accumulation rates .. However, the profiles gave an indication of

bioturbation at Stations 1 and 2 (Fig. 9). Supportive evidence for bioturbation at this station

can be obtained from the 210Pb profile that showed distinct subsurface peaks to a depth of 14

cm. The presence of macrofauna at Station 1 agreed well with this finding, but the depth of

bioturbation as indicated by the radionuclide profiles (4-12 cm, Fig. 9) is surprising and our

data are insufficient to prove tilat the fauna we found caused the shape of the profile. Bioturba...

tion at Station 2 extended to 4 cm depth, and although we did not find macrofauna at the sam­

piing date, it is probable that in preceeding years bioturbating species were present and caused

the observed distribution of 137Cs.. The activity peak at 3 cm depth at Station 4 is more diffi­

cult to explain (Fig. 9). The center of Gotland Basin, in our study represented by Station 4, acts

as a trap for fine=grained material, and thus receives the largest amounts of iadio-caesium. This

is reflected in the observed highest peak activities of I37Cs. In case this peak originated from

weapon-fallout, it hence would indicate a sedimentation rate of ca. 0.73 mm a-I, which is not

ul1realistic for Gotland Basin. Values of 1..1.3 mm a-I aie reported in the literature (Winterhalter

et al. ., 1981). If the above assumption was true, where then is the peak of the Chemobyl­

accident? A possible explanation grounds in the extremely l1igh water contents and softness of

the sediment at Station 4, where even a controlled sampling with the multiple corer may have

caused the fluffy layer on top of the sediment - containing the Chernobyl peak - to be disper­

sed in' the overlying.water.

Oxygen dynamics

The insitll oxygen penetration depths of around 1 mm were caused by a rapid consumption of

oxygell in the surficial sediment, coupled to reoxidation and degradation. The gradients of the

profiles indicated fluxes of 7-8 mmol m =2 d -= i that are on tIle lov/er end of the range reported

from comparable coastal environments (J0rgensen and Revsbech, 1989). While penetration

depths decreased with bottom water oxygen concentration, this was 110t tIle case for DOD.

Station 2 exhibited the highest DOD, despite lower bottom water oxygen concentration compa­

red to shallow Station 1 (Table 1, 2a). Comparing the in situ diffusive and total oxygen uptake

of the stations (Table 2a/b) showed a higher TOU value for Station 1 (+20%)~ which probably

is an indication to the influence of the observed benthic fauna that supplied oxygen to the
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sediment via bioirrigation. At the deeper Station 2 (115 m), where no fauna was found, DOD

and TOU measurements agreed closely. At Station 3 TOU was lower by 56% as compared to

DOU' measurements by in situ microelectrode profiles. Probably this is due to a high spatial

variability caused by local erosions at the slope of Gotland Basin.

The simple model used to calculate the degree of reoxidation by oxygen of the sulfide

produced by sulfate reduction showed that the largest part of the produced sulfide must be

reoxidized to maintain the existing conditions (93% at Station 1, 99% at Station 2, 79% at

Station 3 and 89% at Station 4, respectively). The sediment accumulation rates necessary for a

complete burial ofsulfide (= no oxygen consumed in the reoxidation ofsulfide) were between 5

and 50 mm a-I, which is lu.lrealistically high for Gotland Basin (Winterhalter et al., 1981). Thus

we assume the calculated rates of reoxidation to be in a 'realistic range. At all stations, sulfide

was qual1titatively the major reductant for oxygen; the calculated complete reoxidation of

ammonium, Mn2+ and Fe 2+ together consumed only ca. 10% of the DOD at each station (the

TOU value was used at Station 1). According to our calculations, the .reductive capacity of

reduced metabolic compounds diffusing upwards even exceeded the oxidation potential of the

TOU at Station 1 (by factor 3) and the DOD at Station 2 (by factor 7), so theoretically no

oxygen would be available for oxic respiration at tllose stations. This trel1d did not change

significal1tly even when the release rates ofammonium, Mn2+ and Fe2+ lneasured in the benthic

chamber were used to show that in fact a release - and thus no complete oxidation - took place;

additiollally bioturbation at Station 1 significantly increased the supply of oxygen to the sedi­

ment w11ich in turn increased both oxic respiration and reoxidation in the thin oxygenated layers

surrounding the burro\vs (Glud et ale , 1994; Hansen et ale , 1996). While this model gives reaso~

nable trends for the reoxidation ofreduced metabolic compounds7 it is ofcourse simplified. For

example, the observed fauna and also microorganisms are ill a competitio11 for oxygell with the

chelnical process of reoxidation. Another factorwhic11 played a role is the precipitation of a

fraction ofthe sulfide as FeS or FeS2- This process decreasesthe amount ofsulfide available for

reoxidation and thus leaves more oxygen for oxic respiration. But the significance of this pro­

cess was 110t determined in our study. As oxygen is the terminal electron acceptor for all redu­

ced cOlnpounds, -indirect reoxidation of sulfide through iron-or manganese oxyhydroxides,
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which also are known to oxidize Fe2+ (e.g., Burdige, 1993), should not affect the validity ofour

assumptions. Hence, the results of our calculations probably reflect "a non-steady-state situa­

tion in the balance of sulfide production and -reoxidation in Gotland Basin during the time of

investigation.

Comparison o/benthic in situ exchange rates vs.J7ux calculations

Fluxes ofammonium that were determined from pore water profiles exhibited a linear decrease

with increasing water depth from ca. 400 Jlmol m-2 d-I at Station 1 to ca. 100 Jlffiol m-2 d ~ 1 at

Station 4 (Table 2a). The exchange rate of ammonium measured in situ in the benthic "flux

chamber at Station 1 agreed closely with the calculated flux, while at Station 2 it was higher by

factor 2. Generally the observed release rates are in the rallge reported from coastal or shelf

sediments (Thamdrup and Canfield, 1996). The observed peak concentrations of nitrate in the

pore waters of Stations 1, 2 and 3 were very high considering the narrow oxic layer where

nitrate production could occur. Pore water studies in coastal envirol1lTI.ents sho,\¥ed that sllch

high nitrate concentrations usually occur along with deeper oxygen penetration depths (Jensen

et al., 1994). In" the literature nitrate concentrations up to 4000 fold higher than ambient sea

water in the vacuoles ofInarine Beggicltoa and Thioploca sulfur bacteria are reported (Fossing et

al., 1995; McHatton et ale , 1996; Schulz et aI., 1996). Along with these findings, our observa­

tion of sulfur bacteria on the sediment surface of Station 2 led us to speculate that these bacte­

ria may have been the source of the nitrate peak we measured- at Stations 2 and 3. In case

bacteria were responsible for the high nitrate concentrations, this would also explain the obser­

ved high nitrate uptake from the enclosed water in the in situ chamber studies (Stations 1, 2),

the bacterial cell volume necessary to result in the measured nitrate concer1tration of ca@ 20 jllv1

i11 the uppermost sediment layers of Stations 2 and 3 (Fig. 3) yielded ca. 0.1 mm3 em -3 wet

sedinlent, when a conservative value for the intracellular nitrate concentration of 0.2 M was

assumed (e.g., Fossing et al., 1995) reported values of up to 0.5 M). A cell volume of 0.1 mm3

cm-3 wet sediment is rather low and can already be caused by inconspicuous nunlbers ofbacte­

ria present in the sediment (H. Schulz, MPI., pers. camm.).
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The measured iron gradients were low and indicated that iron reduction was generally

unimportant in the degradation of organic matter (Fig. 3, Table 2a). In situ measurements of

benthic iron release rates showed that iron was liberated only from the sediments of Station 2

(Table 2b). Possibly the observed layer ofa microaerophilic iron oxidizing bacterium prevented

the release of ferrous iron from the sediment at Station 10 It remains unclear why no indication

of iron release at Station 3 was found, as this station showed the highest diffusive efflux of

Fe(II) as inferred from pore water gradients. Possibly iron oxidizing bacteria were present at

that station, but we observed no matlike structure as at Station 1. An interesting finding. at

Station 4 was that the calculated flux ofFe 2+ ions into the sediment (4.2 mmol m-2 d-], Table

2a, Fig. 3) exactly balanced the sulfide production measured in the laboratory cores (4.2 mmol

m-2 dOll, Table 3), showing that all available ferrous iron in the pore water was immediately

precipitated. Wnether FeS or FeS2 was the product of this reaction cannot be said. As Gotland

Basin is known to have sulfidic deep water masses for years (e.g.; Grasshoffand Voipio, 1981),

not all sulfide produced can be precipitated as iron sulfide, but partly escapes into the bottom

water. Boesen and Postma (1988) found evidence for direct formation of FeS2 without the

intermediate FeS step in Gotland Basin. We interpret our results as reflecting iron limitation in

the process of iron sulfide formation in the anoxic sediments at Station 4. Accordingly, no signs

of iron release were found in tIle in situ flux chamber measurements at that location. Mangane­

se vvas released by the sediment with increasing water depth when calculated from pore water

gradients; however~ in situ exchange rates measured at Stations 1 and 2 by the benthic flux

chanlber pointed to a Mn(II) release that was higher by an order of magnitude (Table 2alb).

Wllile ill the literature similar findings have been reported and explained by an intense release of

Mll~+- from the topmost sedinlent horizon (Johnson et al. 5 1992), where microbially mediated

reduction ofmanganese oxides can occur in the presence oflow oxygen concentrations (Teba et

al., 1991), we regard our calculated fluxes from the po:re water analyses to pro'bably underesti­

mate the real in situ fluxes, as the steep gradients of Mn2+ within the topmost millimeters of

the sediment were below the resolution of our pore water studies. Furthermore, bioturbation

probably enhanced the benthic exchange rates at Station 1.
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At all stations the peak concentrations of ferrous iron were underlain by the peak concen­

tration ofdissolved manganese, which agrees with recent data from the Gotland Deep published

by Carman and Rahm (1997). Often this sequence is found to be vice versa, and a reduction of

manganese oxides by dissolved ferrous iron has been proposed to explain the observed Mn(II)

peaks without assuming that manganese reduction is. coupled to organic matter degradation

(}-Jealson and Myers, 1992)= However, for widespread organisms capable of both metabolisms

the redox potential for iron reduction makes this process energetically more· favourable than

manganese reduction (Nealson and Myers, 1992). In this case, iron reduction and the resulting

peak of ferrous iron should occur higher in the sediment column than manganese reduction; in

the light of these findings, our results are interpretable as a hint to the coupling of manganese

reduction to the degradation of organic. matter in Gotiand Basin. However, reduction ofmanga­

nese(hydr)oxides by sulfide is also possible (Burdige, 1993; Burdige et al. ~ 1992; Van Cappellen

and Wang, 1996).

Sulfate reduction

Investigations comparing insitu measurements ofbentllic exchange rates ofnutrients to labora­

tory results pointed to systematic variations in the determined parameters as a consequence of

transient heating and decompression during the retrieval ofsamples, yet the extent and direction

of these changes is still under discussion (Deming and Colwell, 1985; Jahnke et aI., 1989;

Jannasch and Wirsen, 1982). Heating and decompression (the latter is assumed to be of minOf

importance at depths < 1000 m) may be lethal to psychro- and barophilic organisms (Smith and

Hinga, 1983; Turley etal. , 1988; Yayanos, 1986), while possibly enabling growth ofmesophilic

bacteria, so tllat insitu measurements in deep-sea environments ,..,_ ... JL_ ........~.L ...
are _.cll..LJ __ .._ ......

1 1 h ~ - 4 ~ • / .r""'\ 1 1 1 1 9f"\4'\ H · 1lower reSUlts tHan comparable laboratoPj experIments tuilla et at. '; 1_':J). owever, In coastal

environments exchange rates are enhanced due to the activity of benthic animals (Devol and

Cruistensen, 1993; Glud et al., 1994).. The rates are normally underestimated due to the under­

representation ofactive benthic fauna in small sampling devices, an artifact that is compensated

for by larger in situ chambers. In our case, decompression most probably did not playa signifi­

cant role. The temperature difference between the bottom and the surface waters was around

15°C~ and with known Qlo..values for sulfate reducing bacteria of around 3 (Isaksen and
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J0rgensen, 1996; J0rgensen, 1977; Skyring et al., 1983; Westrich and Berner, 1988), the time

the samples were exposed to increased temperatures (ca. 1 h) did not suffice to stimulate fast

growth and/or enhanced metabolic activity 9f a significant fraction of the sulfate reducing

bacterial population. The depth-integrated SRR determined in this study are in the middle to

low range of rates known from coastal and shelf sediments (overview in Skyring, 1987). A

comparison of the laboratory VSc in situ sulfate reduction rates revealed a general tendency of

lower depth-integrated rates in situ (Table 3); at two sites the difference was however not'

statistically significant: Station 1 showed a subsurface peak in the in situ profile that was

absent in the laboratory cores, causing a' higher in situ depth-integrated rate at this site. The

observed peak is most probably due to sediment heterogeneity, which was ,particularly pro­

nounced at that station (Fig. 7, stratigraphy). Results from Station 4 represent the opposite end

in the range of our values, where the integrated in situ sulfate reduction rate was found to be

only one third of the,laboratory value. However, the transient heating during ca. 1 hr (recovery

and fixation) combined with Qlo-values for sulfate reducing bacteria of 3 would not have been

enough to cause the a'bserved' threefold difference between in situ alld laboratory rates at that

station, only a maximum increase of 11-15% could have taken place (data not shown). A

possible explanation could be that the bow wave of the sinking lander caused the topmost

layers of the exceptionally soft sediment at Station 4 to be dispersed, so that the profiles from

that station are offset compared to the laboratory profiles and the topmost values do n~t

represent the original sediment 'Surface. The fact that the landers sunk about 50 cm into the

sediment at this station may serve as a hint that the above. explanation is probably true.

1"'h.e car'bon degradation rates calculated for the individual metabolic processes are shown in

Table 5., along with their percent-wise contribution to overall degradation. Overall degradation

rates were calculated from the sum of the carbon equivalents of the pore water nutrients plus

tIle depth-integrated rates of sulfate reduction measured in the laboratory cores. We chose to

lIse the laboratory results of sulfate reduction measurements as they were affected in the same

manner as the multicorer samples from which the pore water profiles were obtained. It is
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Table 5: Rates of carbon degradation in JlIDol C m-2 d-l for the various electron acceptors.

Values of oxygen are calculated from in situ microprofiles and corrected for the reoxida­

tion of the reduced upward diffusing species NH4+, Mn2+, Fe 2+ and HS-. Values for sulfate

reduction are calculated from the depth-integrated rates of the laboratory incubations at

the respective station. Values of ammonium, nitrate, iron and manganese are based on

calculated fluxes (see Table 2a). No carbon degradation due to denitrification is given for

Station 2, as we assume the measured· nitrate to stem from bacteria (see text for details).

The carbon equivalent of the nitrate flux at Station 3 was calculated from the nitrate

production during oxic respiration. The ammonium flux was converted to carbon equiva­

lents by multiplication by the C:N ratio of the respective sediment layer used for the flux

calculation. The row "NH4+ supp." represents the given flux of ammonium into the bottom

water supported by the calculated ammonium production due to oxygen respiration in the

first mm of sediment where oxygen "vas present CL.l1d not consliL-rned in the reoxidation. The

row "C-flux" represents the overall amount of organl.c carbon (in mol m-2 a-I) degraded at

the respective station on an annual basis. nc = not calculated. oJ'= all oxygen is consumed

by the reoxidation of reduced species in the pore water. See text for details.

Station

% 2 %
...,

0/0 4 %j

02 0* 0* 0* 0* 3386 53.7 0 0

t~03- 168 le4 () 0 488 7.7 0 0v

Mn2+ 7 0.06
..,

0.01 104 1.7 330 3.6.)

Fe2+ 22 0.2 nc ne 122 1.9 0 0

S()42- lab. 11400 98.3

NH4+ Slipp. 3319*

C flux (mol m-2 a-I) 4.2

3571

3571 *

8.5

2840

3625

1122

1122
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obvious that sulfate respiration was the dominant degradation process. Even though oxygen

was taken up by the sediments of Stations 1, 2 and 3, our calculations show that oxic respira­

tion played a quantitatively less important role in the degradation of organic matter, as most of

the available oxygen was consumed in' the chemical reoxidation ofsulfide to maintain the sedi­

mentary sulfur balance. This is ~n good agreement with results published by Canfield et ale

(1993), wh'o in a study on Kattegat sediments also found reoxidation processes of reduced

metabolic products to be quantitatively more important in the consumption of oxygen than

aerobic respiration. The nitrate uptake at Station 1 contributed ca. 1.40/0 to organic matter

degradation (Table 2a), if the nitrate was reduced and not taken up by bacteria as we assume to

l1ave been the case at Stations 2 ·and 3. Denitrification of the nitrate produced during oxic

respiration may have contributed to carbon degradation at Station 3; a~suming that all produced

nitrate was denitrified to N 2, ca. 8% of the overall degradation were contributed by dentrifica-

tion at that station. However, it is more likely that this nitrate also was taken up by thebacte­

ria. Manganese reduction as inferred from pore water gradients played a· role only at anoxic

Station 4 (3.6% of the total carbon degradation), but was quantitatively unimportant at the

other stations. Reduction offerric iron did not exceed ca. 1% oftIle overall.degradation. Even if

iron and manganese reduction occurred chemically (see above), the overall rates of carbon

degradation would not change significantly at all stations. Carbon degradation as calculated from

ammonium fluxes gave slower rates oforganic matter degradation as cOlnpared to overall degra­

dation. The'difference was by factors of3 to 9, depending on the station (Table 5). Only when

tIle ammonium production due to oxic respiration in the thin oxic layer of Station 3 (ca. 1 mm,

belo\v the resolution of our laboratory pore water profiles) was calculated and added to the

rneasured alnmonium flux, this factor decreased (Table 5).

Our oyerall degradation rates sho\v that the total carbon remineralizatioll rate did not dif-

fer significantly between oxic and anoxic stations, confirming the findillgs of other authors

(Canfield, 1989; Henrichs, 1992; Henrichs and Reeburgh, 1987). Assuming no temporal varia­

tion in mineralization, the annual benthic degradation was calculated to be ca. 2.5-4 mol C m-2

a-I (Stations I., 3 and 4) and ca. 8.5 mol C m-2 a-I (Station 2; Table 5), whicll is equivalent to
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Table 6: Carbon degradation and burial in· Gotland Basin. All numbers are given as

percentages of a mean primary production of 15 mol C= 180 g C m-2 a-I (PP IBO;

Lassig et al., 1978; Schulz etal., 1992), except last row, which indicates the burial

efficiencies (buried carbon as percentage of carbon flux to the sediment). Benthic

remineralization numbers were calculated from the sum of laboratory sulfate re­

duction rates plus the· summed ·carbon equivalents of the measured pore water

nutrient fluxes. Carbon burial was calculated from the mean orgarJc carbon content

of sediment strata below the diagenetically active surface and sediment accumula­

tion rates of 0.5 mm a-I (Stations 1 and 2) and 1 mm a-I (Stations 3 and 4). The degra­

dation in the water column necessary to maintai~ the existing conditions was calcu­

lated by subtracting the sum of burial plus benthic degradation from the primary

production.

% Station 1 Station 2 Station 3 Station 4

Benthicremineralization 28 57

Burial 4 1 2· 7

Water column degradation 68 42 83 61

Burial efficiency 14 2 16 21
,

between 15% (Station 3) and 57% (Station 2) of the annual primary production estilnated for

that area (ca.15 mol C m-2 a-I ; Las.sig et al., 1978; Schulz et aI., 1992) (Table 6). However, since

the ·be.llthic response to sedimenting organic lilatter (phytoplankton blooms) in spring and

autumn is known to be very rapid in both deep-sea and shallo"w marine sediments (often a

nlatter of days to weeks, Graf, 1989; Graf, 1992), even higher benthic rernineralization rates

could be assumed for the short time periods following the input of fresh organic debris; conse­

quently, benthic overall annual degradation will be probably slightly· higher than the extrapola­

ted value of our findings suggest. Together with oUf calculated carbon burial rates of between

0.2 mol C m-2 a -1 (ca. 1% of the primary producti0!1, Station 2) and 1 mol C m-2 a- I (ca. 7%,

Station 4), this left ca. 40=80% of the primary production to be degraded in the water column.
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Consequently, the carbon burial efficiency (the amount of carbon buried expressed as the

percentage of the carbon flux to·the sediment; Henrichs and Reeburgh, 1987) was calculated to .

be between 2.4% (Station 2) and 21 % (Station 4, Table 6). Carbon burial efficiency was found

to correlate directly with sediment accumulation rate (Hedges and Keil, 1995), and our values

were in the known range for sediment accumulation rates around 0.1. em a -I (Hedges and Keil,

1.995; Canfield, 1993). Again, no major difference between the stations with oxygenated bottom

water and the anoxic station were found, although Station 4 exhibited a slightly higher carbon

burial efficiency compared to the other stations (Table 6).

When instead of the laboratory sulfate reduction rates the results of the in situ-measure­

ments of sulfate reduction were used to calculate total degradation rates, the overall amount of

remineralized carbon varied, according to the importance of sulfate reduction as the most

dominant degradation pathway. ~ediment variability between the laboratory and the in situ

cores probably was the reason for an increase in total remineralization (+57%) at Station 1.

""'~"~,,","'JLV.l..I. rates, to a decrease of 32% in the total

amount of mineralized carbon. The amount of sulfide produced in situ was still enough to

theoretically consume all available· oxygen through reoxidation. While Station 3 remained

roughly constant (the increase of 10% was due to a slightly lower insitu sulfate reduction rate,

leaving more oxygen for oxic respiration), anoxic Station 4 showed slower in situ rates oforgani-

C l11atter oxidation (-64%), which app'arently was an artifact due to LVISE's lal1ding on th~

exceptionally soft sediment (see above). In the light ofthese explanations, slightly lower sulfate

reduction rates appear to be probable when determined in situ (Greeffetal. , subm., chapter 2.1

of tllis thesis), but sediment heterogeneity and sampling/investigative artifacts may add to

produce a complex picture,' in which the true differences between insitu and laboratory meaSll-

rel11ents are hard to disclose.
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Conclusions

'71:
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The presented results from Gotland Basin give rise to the following conclusions:

• Of a primary production of ca. 15 mol C m-2 a-), between ca. 15 and 57% were degraded by

benthic activity; ca. 1-7% were permanently buried below the active surface layer, and ca.

40-80% v/ere degraded during the settling ofthe particles through the water column. Carbon

burial efficienies varied between 2.4% and 21 %.

• Sulfate reduction was generally the most important process in the benthic degradation of

organic matter. At two out of three stations with oxygenated bottom water (Stations 1 and

2) the rates of sulfide production were calculated to be high enough to completely consume

the DOD in the reoxidation. The observed results from the calculations do not reflect

steady-state conditions of sulfide production and reoxidation in Gotland Basin. The general

tendency indicates that in Gotland Basin direct carbon degradation by oxic respiration is by

far outbalanced by sulfate reduction and contributes minor ~a"'·J'"'la1"TI"l,n-aCl to

decomposition. Thus, total benthic carbon remineralization was approximated by sulfate

reduction.

~ Sulfate reduction rates determined in situ were generally comparable to but at three out of

four stations lower than laboratory rates, but the differences were statistically not sgnifi-

callt.

• Denitrification a11d metal reduction as inferred [rOITI the pore water fluxes did not play a

significant role in the mineralization of organic matter at all stations, wIlen metal reduction

was assulned to be coupled to organic matter degradation.

• TIle formation of sedimentary iron sulfide in the anoxic part of Gotland Basin is iron limit-

ed.

• TIle deep waters of Gotland Basin are a source for dissolved Mn2+.

• Mn-reduction was probably coupled to organic matter degradation iIlstead of proceeding

chenlically by Fe2+ diffusing upwards, as is the case in Inany n1arine sediments.(Nealson

and Myers, 1992)0

• A considerable fraction of sedimentary sulfur appeared to be fixed in organosulfur com­

pounds (OSe), as revealed by the comparison of sulfur inventories deternlined by eNS and
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TRIS analysis. This may support the notion of enhanced carbon preservation in environ­

ments rich in hydrogen sulfide (e.g. Kohnen et al., 1989), where readily degradable organic

matter is supposed to form resistant OSC upon contact with hydrogen sulfide.

• All stations showed C:S ratios in the range of "normal marine sediments" (e.g. Berner,

1982) and no clear difference was noticeable between the stations with oxygenated bottom

water and the anoxic station. This is in contrast to the general finding that anoxic sediments

should have lower C:S ratios (Berner and Raiswell, 1983).
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Temperature dependence and rates of sulfate reduction

in cold sediments of Svalbard, Arctic Ocean.
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Sediments ofpermanently cold areas around Svalbard and northern Norway were examined for

their sulfate re.duction activities and the degree of adaptation of their bacterial communities

towards low temperatures. Depth distributions of sulfate reduction rates \vere obtained from

whole-core incubations \vith sulfur-35 labeled sulfate as tracer. The integrated rates from the

sediment surface to a depth of 15 em ranged between 0.9 and 4.1 mmol m-2 d-l comparable to

rates in shelfsediments oftemperate climates. The temperature dependence ofsulfate reduction

was investigated by incubation of anoxic sediment slurries in a temperature gradient block at ­

SOC to +40°C. Sulfate reduction rates increased 4 to 10-fold from in situ temperature to the

optirrlUlTI temperature and highest measured rates reached nearly 200 mmol ml- 1 d-l at 27°C.

The optimum temperatures, 25°(: to 30°C, indicated a mesophiiic community of sulfate­

red~cingbacteria and were at least 20 0 e higher than the in situ temperatures of -1.7°e to 2.6°C.

Arrhenius-plots were linear from the lowest temperatures nearly to the optimum temperatures

and activation energies fell in the range from 40 to 75 kJ mol- 1, Le. at the lower end ofprevious­

ly reported values. Samples from depths below 15 em showed enhanced rates as a result of
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substrate addition, whereas the optimum temperatures did not change. The high rates at in situ

temperatures and the low' activation energies are indications of a cold-adapted population of

mesophilic or moderately psychrophilic sulfate-reducing bacteria in these sediments.

Introduction

More than 90% of the ocean ,and most of the seafloor are permanently below SOC (Morita

1975, Russell 1990), which implies that bacteria living in these habitats should be adapted to

low temperatures. Most studies ofcold-adaptation have been on aerobic psychrophilic bacteria

from the water column ( Harder & Veldkamp 1967, 1968, McMeekin 1988, DeLille & Perret

1989) and from food materials such as milk (Ratkowski eta!. 1982a, b). Only fe\v psyc:hrophi--

lie sulfate-reducing bacteria have been described (Isaksen & J0rgensen 1996) and the adaptatio­

nal advantage ofobligate psychrophilic marine bacteria to grow better at low temperatures than

do facultative psychrophiles was examined by Harder & Veldkamp (1971).

The physiology of cold adapted bacteria and their potential role for biotechnology were

discussed by Gounot (1,991). She emphasised the importance of psychrophilic bacteria in

natural environments and regretted the limited knowledge about their adaptation to low tempe­

rature. Wiebe et aL (1992, 1993) reported an enhanced substrate requirement for bacterial

gro\V1:h at low temperatures. A diminished affinity for substrate uptake was shown for two

psychrotolera11t Antarctic bacteria by Nedwell & Rutter (1994). The temperature dependence

of the. energy demand of anaerobic bacteria was discussed by Conrad & Wetter (1990), who

reported t11at hydrogen metabolism is thermodynamically favoured by lo'vv temperatures.

Sulfate reduction is considered to be the most important process of organic material degra=

dation on the continental sllelves (J0rgensen 1982, Canfield 1993) and therefore ofgreat signifi-

, cance for the ~lobal carbon cycle. The importance of sulfate reduction for carbon turnover in

cold climates is still poorly understood. A psychrophilic response of sulfate reduction in

sediment samples was shown only once (Isaksen & J0rgensen 1996). The general question of

telnperature limitation of mineralization rates in Arctic regions will be discussed further.
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The feasibility to accurately measure rates of sulfate reduction with radiotracers without

temperature artifacts was a second reason to focus on the sulfate reduction process. Whole core

incubations gave information about the depth distribution of sulfate reduction in intact sedi­

ment cores at in situ temperatures. For the ,determination of the temperature dependence of~he

sulfate-reducing community in these sediments slurries were incubated in a temperature gra­

dient block.

Psychrophilic bacteria are very sensitive to high temperatures (Morita 1975) and" the

transport through a warm water column may reduce the number of living psychrophiles in

sedimellt samples. Therefore Svalbard had been chosen for permanently cold sediments and

vvater column. Low air temperatures at the time of the cruise, September / October 1995, were

also advantageous for the handling of cold sediments on qeck. Additionally, Svalbard is well

accessible from northern Norway.

The adaptation of isolated bacteria or of bacterial communities to different tel11.:pera.ttlr~s

may be interpreted from Arrhenius plots (Harder & Veldkamp 1968, 1971, Innis 1975, Mohr

& Krawiec 1980). These are 'made by plotting the logarithm of a rate of bacterial growth or

metabolism versus the inverse absolute temperature. A linear part of the plot is considered a

good temperature adaptation, of the bacteria in this interval (Guillou'& Guespin-Michel 1996).

The slope ofthis lil1e can be used to calculate an "activation energy" which isnot a well-defined

tllermodynamic unit but rather an integrated measure of the temperature response of the overall

microbial COll1ffiunity (Westrich & Berner, 1988). We tried to distinguish between the tempera­

ture response of the sulfate r.educers and the substrate formers by adding surplus substrate in

some experiments.

Materials and methods

Coastal sediments were sampled with a multipl~ corer during a cruise with RV "Jan Mayen"

from Troms0, northern Norway, to Svalbard in the Arctic Ocean (Figure 1). Sampling sites

were Malangen Fjord (la, Ib) near Troms0 (Norway);'Homsund (2 + 4) , Van-Mijenfjord (3)
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Fig. 1: Cruise route and sampling sites.
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and its outer part called Bellsund (7) at the south-west coast of Svalbard and Storfjord (5 + 6)

at the south-east coast (Table 1). The bottom water temperatures decreased northwards along

tIle west coast of Svalbard with decreasing Gulfstream intensity (Table 1). The lowest bottom

water temperature of -1.7°C was recorded at Storfjorden at the east coast of Svalbard. This

extremely low temperature is caused by the Barents Current which transports cold water from

the Barents Sea southwards. All sampled sediments \vere silty sands vvith variable proportions

of clay., silt and sand. Small stones indicated ice-transport of terrestrial material \vhereas shell

debris and worm tubes were of marine origin. Water depths were between 78 m and 329 m

(Table 1).
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Table 1: List of stations
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Water Bottomwater Areal SRR *
Station number / name Coordinates Date

depth (m) temp. (OC) (mm.oJ m-2 day-I)

69° ~9.4 N 09.25.1995
1a/bMalangenfjorden 329 7.0 0.99

18° 07.5 E 10.09.1995

76° 58.2 N
2 Hornsund 09.28.1995 155 2.6 4.15

15° 34.5 E
I

--- - -

77° 45.7 N
3 Van Mijenfjorden 10.01.1995 115 0.2 0.90

15° 03.9 E

76° 33.0 N
4 Hornsund (Lander) 10.04.1995 138 2.8 1.97

15° 00.2 E

- 77° 33.0 N
5 Storfjorden 10.05.1995 175 -1.7 1.22

19° 05.0 E

77° 30.0 N
6 Storfjorden (Lander) 10.06.1995 78 1.5

77° 38.2 N
7 Bellsund 10.01.1995 145 3.2 2.41

14° 25.1 E

* The areal sulfate reduction rate is calculated by integration of the sulfate reduction rates

from the sediment surface to a depth of 15 em.

Sulfate reduction measurements

Whole core incubations

Subcores of25 to 35 em length were taken from intact sediment cores with perspex tubes of25

mIll i.d. immediately after core retrieval. Along the sides of the tubes silicone rubber ports at

intervals of 1 em allowed the injection of tracer (ca. 5 IlCi of 358042-, Amersham) without

disturbing tIle sediment (J0rgensen 1978). The cores were incubated for 8-12 hours at in situ

temperature in the dark. The sediment was cut into slices of 1 cm thickness, thoroughly mixed

with 10 ml of 200/0 (w/v) zinc acetate to stop the reaction, and subsequently frozen for the

transport.
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Temperature gradient incubations

A thermally insulated solid aluminum block of 2 m length and a square size of 15 x 15 cm was

heated electrically to +40°C fO.1 °C at one end and cooled to -SoC ±O.l °C with a refrigerated

circulation thermostat at the other end. Samples of about 10 ml slurries were incubated in

stoppered glass test tubes (Venoject), which were placed in holes in the aluminum block. It

contained thirty rows offour holes each along the block so that 120 samples could be incubated

simultaneously at temperature intervals of I.5°C with a maximum of four replicates at each

temperature.

For the preparation of sediment slurries; segments of 5 em thickness from t"vo diffeient

depths were collected from intact cores at Stations 1a, 2, 3 and 5. One sample was taken just

below the colour transition zone from brown to black or grey which occurred in nearly all cores.

A lower sample was taken just below the first one (Table 2). The slurries were made with

oxygen-free bottom water. The in situ temperature was maintained at all times from sampling to

incubation. The sanlples were preincubated in the temperature-gradient block for one hour to

reacll steady temperatures of0.1 °C, after which 100 J.lI tracer containing 8 to 16 JlCi of358042-

(Alnersham) was added. Short incubation times of 4 to 5 hours were chosen to prevent signifi­

cant grO\\rtll of the bacteria during incubation. The samples ,were treated after incubation in the

same way as for wilole core incubations. The temperature gradient experiments were carried out

either without or with substrate addition. As substrate 100 JlI neutralized solution ofmixed Na­

salts of acetate, butyrate, formate, lactate and propionate plus ethanol were added. Final con-

ce11tration was approximately 1 mI\1 of each component.

All sa.mples were distilled with a solution ofhydrochloric acid and chromium (II) chloride

to convert reducible sulfur compounds into H2S (Canfield et al. 1986). The H2S was subse-

quently trapped in 10 ml of 5% (w/v) zinc acetate solution and counted in a scintillation coun­

ter (Packard). The ratio between added 35S-Sulfate and formed 35S-Sulfide was used to calculate

the sulfate reduction rate (Fossing and J0rgensen 1989). The detection lin1it was about 0.2 nmol

n'll-I day-I. The rates ofsulfate reduction for slurried samples are calculated per volume undilu-
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ted sediment to enable comparison between sulfate reduction in natural sediments and in slur­

ries.

Arrhenius plots

The Arrhenius equation provides a link between bacterial growth rate (often metabolic or

respiratory parameters are used as ,veIl) and energy demand of the cells. The equation is writ-

ten as (f. i.: Westrich & Berner 1988):

v = A * e

A = constant

R = gas constant (8.31 J K-I mol~I)

T = absolute Temperature (K)

Ea = "activation energy" (kJ mol-I).

Results

Results of whole core incubations

Su.lfate reduction rates were in the range between 0.5 and 250 runol ml- I day-I (Figure 2a/b).

The Inean sulfate reduction rates of 2 - 4 replicate rI1easurements are plotted- together with

minimum and maxinlum values to display the range of variations between cores. All profiles

exhibited low values near the sediment surface and below 15 - 20 em depth. The highest rates in

each core usually occurred between 3 and 10 em depth. The highest rates of all measurements

were found at Station 2, with almost three-fold higher rates than at all other stations. The depth
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Fig. 2a: Sulfate reduction rates of Stations 1 to 3, measured with whole-core incuba­

tions at in situ temperatures. The solid line represents mean values of four (Station 3)

and tvvo cores (Station la/b, 2). The chequered areas cover minimal and maximal

values. Note different scales for sulfate reduction rates.
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Fig.. 2b: Sulfate reduction rates of Stations 4 to 7, measured vvith whole-core incuba­

tions at in situ temperatures. The solid line represents mean values of four (Station

4, 5) and two cores (Station 6, 7). The chequered areas cover minimal and maximal

values. Note different scales for sulfate reduction rates.
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integrated rates to a sediment depth of 15 cm (Table 1) are used for comparison between

different sites. They ranged between 0.90 and 4.15 mmol m-2 day-I and again Station 2 showed

the highest rate by far.

Results of temperature gradient incubations

Temperature gradient incubation experiments were made at Stations la, 2, 3 and 5, resulting in

sixteen temperature profiles for the cruise. Here we present the profiles of Station 5 which are

representative examples (Figure 3). Typical for the Svalbard sediments were relatively high

rates at in situ temperatures. At these temperatures the calculated rates of the slurry incuba-

Table 2: Results of temperature gradient incubation experiments. n.d. = not deter­

mined.

Station,

depth (cln)
Substra­

te

Sulfate reduction rate
(nlnol ml-} day-I) Linear range*

(Oe)

"Activ­
ation
energy"
(kJlInol)

d

47
48

dd

at in situ at opt.
Temp. Temp.

15-20 24 6 16 -2, +23
15-20 + '1'1 ::: 1 C ""\ ,,,"\,,,\

"'-.J .) J..J ~L, I L,,j

1a,

--3.,--9---14------2-7-----6----3-Lt-.----=2-,-+-2-5----4-6-~

_a~
~- --- - n. _. n. Y. n. i1. n.

1a., 20-25 + n. d. n. d. il. d. n.·d. n. d.

..., 8-13 - 26 20 185 -2, +25 74... .,
2~ 8-13 + 27 ] I ] 15 -2~ +25 68
'"') ·15-20 - 27 8 37 -2, +25 54.... .,
..., 15-20 + 27 10 61 -2 7 +25 57""'-,

---

-- --. --- --~
~ -----_. -' -_. . .

'1 9-14 + 26 a 43 -2, +25 49J"j ./

3~ 15-20 - 28 1.5 7 -2~ +27 46 -
" 15-20 + 28 4 21 -2, +27 48..J,

5~ 9-14 - 27 5 52 -2, +26 57
5, 9-14 + 27 8 49 -2, +26 55
5'1 15-20 - 28 2 10 -2, +26 49
5., 15-20 + 30 4 ]9 -2, +27 38

"l'( The term "linear rangen designates the linear part of the Arrhenius plot.
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tions compared well to the results of the whole core incubations for the same depth intervals.

All profiles showed .an increase of the rates towards the optimum temperatures which were

between 25°C and 30°C. Above 300 e all p~ofiles exhibited a rapid decline of the rates with

further, increasing temperatures. The in situ rates., optimum temperatures and maximum rates

for all slurry-experiments are summarized in Table 2.

The effect of substrate addition was different between the stations and the sampled sedi­

ment depths. Sulfate reduction rates in the upper sediment layer generally increased less with

substrate addition than seen in the deeper layer. The optimum temperatures did not change

significantly after substrate addition. Only the upper Hornsund sample (Station 2) showed

decreasing sulfate reduction rates after addition of substrate. The rates in the lower sample of

Station 1 were always below 2 nmol mI- i day -i, even after substrate addition, and had an

irregular distribution without a clear trend. Therefore, the results of these two experiments are

marked as "not detectable" (Table 2)~

Arrhenius plots

The Arrhellius plots were made by plo~ing the logarithm of tIle measured rate versus the

inverse absolute temperature, again Station' 5 is used as example (Figure 4). The activation

energies were calculated from the slope of the linear part of the plots. The calculated activation

energies for our experiments and the ranges of linearity are shown in Table 2. Activation ener­

gies were in the range between 38 and 74 kJ mol- l and the majority of the values are around 50

kJ lTIol- l . For nearly all experiments., the range of linearity extended from the in situ temperatu-

re, or eve11 belo\v, and up to near the optimum temperature.

Discussion

The depth profiles of the whole core incubations show similarities to previously reported

reSlllts of marine sediments with oxic surfaces where sulfate redllction rates are· low but not

ne.cessarily zero near the sediment surface and increase strongly to a maXimUlTI below the
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penetration depth of nitrate and the Fe- and Mn-reduction zone (J0rgensen 1977). The rates

decrease again with increasing depth presumably because the available substrate is gradually

depleted deeper in the sediment. The measured rates of up to 200nmo! ml- I day-I for the

Hornsund sediment (Station 2) are of similar magnitude as rates of coastal sediments (Fossing

& J0rgensen 1989, Howarth & J0rgensen 1984, Moeslund et ale 1994, 1987, S0rensen

& J0rgensen 1987). Rates below 20 runol mi-) day-oJ, comparable to Storfjorden (Station 5,6)

results, were found in Kattegat sediments at a temperature of 5.5°Cand 33 m water depth

(J0rgensen & Bak 1991).

Although tIle Malangen Fjord sediment in Norway (Station la, b) experienced the highest

temperature of 7°e the sulfate reduction rates were here lower than the rates in the Storfjorden

in Svalbard (Station 5) with a bottom water temperature of -1.7°C. The more coarse grained,

sandy Malangen Fjord sediments were lowest in organic content of all the stations studied (D.

E. Canfield, pers. camm.). Thus, the availability of organic substrate was more important for

the limitation of sulfate reduction than the temperature.

Also the areal sulfate reduction rates (0.90 - 4.15 mmol m-2 day-I; 0-15 cm) were compara­

ble to rates ofmore temperate coastal sedilnents (North Sea "and Baltic Sea: 4.7 mmOllTI -2 day-I,

Thamdrup etal. 1994; between 1.07 and 3.84 mmol m-2 day-I, Arhus Bay, Thode-Andersen &

J0rgensel1 1989; different locations: Skyring 1987). Even higher rates of5.4 mmol ill -2 day-l (O­

S em) were reported for a permanently (between -1.8°C and +O.5°C) cold Antarctic station

(Nedwell et al. 1993). Tllese autll0rs calculated that 32% of tIle mineralization of organic

lllaterial took place through sulfate reduction.

The ilnportance of sulfate reduction in Arctic sediments is further evident frol11 a cOl11pari-

son witll other processes oforganic mineralization. During our cruise free-falling landers were

used to investigate benthic fluxes ofoxygen, nitrate" and other substances. The sulfate reduction

rates accounted for 28% (Station 5) to 42 % (Station 2) of the in situ release rates of organic

carbon (Glud et ale in prep.).
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The role ofnitrate in Arctic sediments around Svalbard was investigated by Blackburn et al.

(1996), who reported efflux of dissolved organic nitrogen up to 0.93 mmol m -2 day-I. Oxygen

consumption rates of 1.85 to 11.2 mmol m -2 day -I were measured by Hulth et ale (1994) in

Svalbard sediments. Pfannkuche & Thiel (1987) reported benthic total oxygen consumption of

134 to 499 Jlffiol m-2 h- 1 corresponding to 3.2 to 12 mmol C m-2 day-] for sedil11~l1t~ Qfthe

eastern Barents Sea. A sulfate reduction rate of4 mmol m-2 day-I as for the Hornsund samples

is comparable to 8 mmol C m -2 day -1. These data clearly show that sulfate reduction can

constitute an important metabolic process in cold marine sediments.

The nature of bacterial adaptation to low temperature is still poorly understood. The opti­

mum temperature for sulfate reduction in the investigated Arctic sediments was at least 20°C

higher than the in situ temperatures of -1.7 to +7°C. An optimum between 25 and 35°C is

uSllally described as mesophilic, however, such bacteria generally do not grow below o°c

(Morita" 1975)= Bacteria active below ooe, but with an optimum temperature of over 20oe,
may be called moderately psychrophilic or cold-adapted mesophiles.

The illterpretation of Arrhenius plots is not clear (Mohr & Krawiec 1980, Ratkowsky et ale

1982b, Reichardt & Morita 1982). A linear part of the plot may indicate a temperature range

over Wllich the bacteria are well adapted (Guillou & Guespin-Michel 1996). The Arrhenius

plots of tIle Svalbard and northern Norway' samples of tllis cruise have broad linear intervals

ranging from the lowest incubation temperatures to near the optilTIUm temperatures. The low

slopes of the Arrhenius plot, corresponding t<;) low "activation energies", and the broad linear

ranges both indicate adaptation of the bacterial community ill Actic sediments towards low in

silll temperatures.

Sulfate reducers are dependent on extracellular degradation ofmacronl01ecular organic com­

po·unds and their subsequent partial fermentation, as they can only take up small organic

molecules (Widdel 1988, Hansen 1994). Arnosti et al. (submitted) reported that extracellular

polymer hydrolysis ill sedinlents of different-locations showed adaptation to different in situ

temperatures. To determine a potential difference between tIle temperature respollses of sub-.
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strate formation and sulfate reduction, the temperature gradient experiments were conducted

either· without., or with, substrate addition. The optimum temperatures and "activation eller­

gies" did not change.significantly with increased substrate concentrations (Table 2). Either the

substrate formation processes had a similar temperature response as sulfate reduction or their

change with temperature was only small in Svalbard sediments.

The differellt responses of slurries from upper and lower sediment layers·to the addition of

substrate may indicate a stronger substrate limitation deeper in the sediment. This may also be

seen in sulfate reduction rate versus depth profiles ofthe whole core incubation experiments in

a rapid decline of the rates with increasing depth below an optimum at around 3-10 em depth.

Wiebeetal. (1992, 1993) described elLhanced nutrient demand at low temperatures for facultati­

ve psychrophilic Vibrio sp. strains and for two psychrotolerant Antarctic bacteria. Nedwell &

Rutter (1994) showed a diminished affinity for substrate uptake at low temperatures. Therefo-

re, it m.ay be conclllded that bacterial life at low temperatures i~ llluch more dependent all

substrate concentration than it is at higher temperatures. The higher increase of sulfate reduc­

tiOll rates after substrate addition at in situ temperature (-1.7 °C) compared to the increase at

optimum temperature (around 28 °C) o~ the Storfjord samples (Station 5) supports this hypo­

thesis. The reaction of the upper Hornsund sample (Station 2) producing lower sulfate reduc­

tion .rates after substrate addition is not yet explained.

Isaksen & J0rgensen (1.996) reported a difference ~etween the optimum temperatures of

growth and sulfate reduction of a psychrophilic pure culture. The optimUlTI temperature for

growth was at 18°C, whereas the optimun1 for sulfate redution was found at 27°C. A similar

difference rnay occur in natural sediments. Psychrophilic ,.,.... I"1~ ................ 1IA.cI>r'll .... .n.·.1l"'\/""r bacteria were isolated

successfully from subsamples of the Svalbard sediment cores of this study (Ktloblauch etal. in

prep). Their ecological signitIcance has to be investigated further.

In summary it can be stated that sulfate reduction rates in cold polar regions are of ll1agnitu­

des comparable with rates in sediments OflTIOre moderate climate. The sulfate reducing comlnu-

nity and the substrate producers are \vell adapted to low in situ tell1peratllres, even below aoc.
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It is more likely that substrate availability, not temperature, limits sulfate reduction in cold

sediments.
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3 Zusammenfassung und Ausblick

1 A,..,
lUI

Messungen der Sulfatreduktionsraten in verschiedenen marinen Sedimenten wurden ausgefiihrt.

Zum Zweck der in situ-Inkubation der Proben wurde ein ·freifallender benthischer Lander

(LUISE) von mir entwickelt, konstruiert und

Freilandexperimente trugen zur erfolgreichen Realisation des Gerates bei. Das Instrument wurde

intensiv getestet und schlieBlich, im Sommer 1996, aufeiner Forschungsausfahrt ins Gotlandtief

(Ostsee) zusammen mit den bereits existierenden Landern des MPIs (PROFILUR und ELI­

NOR) erfolgreich eingesetzt. Benthische Mineralisationsraten entlang eines Transektes vom

flachen Rand in die tiefen Bereiche des Beckens wurden gemessen. Die den Lander vorstellende

~l ··f=C: l·h (V ·+12 1 )L- h·· h· °lhftdoE bO · rt S· ·v ero IentIle.! ung .l'\...apILeJ. . J. n.Offiulnlerte uelspleJ..L a Ie rge nlsse elner uer tationen mIt

detaillierten Beschreibungen des technischen und wissenschaftlichen Hintergrundes. Eine neue

Methode, die wahrend der Aufstiegsphase des Gera.tes durch Druckentlastung sowie Erwar­

mung der Proben entstehenden Artefakte zu kO,mpensieren, wurde erstellt und erfolgreich

angewendet. Dieses Verfahren ist prinzipiell auch bei anderen Landern anwendbar, deren Ein­

satz ahnliche Problerne mit sich bringt.

Die auf cler Gotlandausfahrt gewonnenen Ergebnisse wurden in einer weiteren Ver6ffentli...

chung zusammengefaBt (Kapitel 2.2), die die unterschiedliche Bedeutung der verschiedenen

Abbauwege organisc11er Substanz im Gotlandtief zum Thema hat. Es wurde gezeigt, daB die in

situ-Daten der Sulfatreduktion generell eine leichte Tendenz zu niedrigeren Raten aufwiesen als

die vergleichend ausgeftihrten Laborinkubationen, wenn Sedimentheterogenitat als Ursache flir

die lJrlterschiede ausgeschlossen werden konnte. Jedoch war diese Tendenz statistisch nicht

signifikant. Weiterhin ,konnte fiOo. .......4.~_.I.1i ... " daB ....,_A,..... _"'JI._ .........,....... "'A ....".LJI.

landtiefs dei, dominierende AbbauprozeB war, obwohl das Bodenwasser vondrei cler vier

Stationen Sauerstoff enthielt. Der uberwiegende Teil des diffusiven Sauerstoffflusses in das

Sediment wurde den Berechnungen zufolge bei der chemischen Reoxi4atioll der reduzierten

Abbauprodukte anaerober Stoffwechselwege verbraucht. Dentrifikation und die Metallatmun­

gen (Eisen- und Manganreduktion) spielten im Aligemeinen q,uantitativ keine groBe Rolle beim

Abbau c organischen lYfaterials. Vergleichende Analysen der sedinlentaren Schwefelgehalte
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mittels zweier verschiedener Methoden erbrachten den Hinweis, daB in den permanent anoxi­

schen Sedimenten des tiefen Gotlandbeckens ein signifikanter Anteil des Gesamtschwefels in

Form von schwer abbaubaren Organosultlden gebunden ist. Dies steht in Ubereinstimmung mit

den Ergebnissen neuerer Forschungen aufdiesem Gebiet (z. B. Kohnen et ale , 1991 ;Wakeman et

al., 1

Ein weiteres Projekt, das zeitlich vor der Komplettierung des Landers lag, war die Betrach­

tung der biogeochemischen Vorgange in permanentkalten Sedimenten, die aufeiner Ausfahrt im

Herbst 1995 bei Nordnorwegen und der Inselgruppe Svalbard (N) beprobt wurden (Kapitel

2.3). Die Sulfatreduktionsraten dieser Proben ~rdenmittelsder herkommlichen Inkubations­

methode im Labor ermittelt.Die gewonnenen Daten zeigten dabei generell keinen nennenswer­

ten Unterschied zu den von temperierten Sedimentationsraumen bekannten Werten. Untersu­

chungenzurTemperaturabhangigkeitdersulfatreduzierendenBakterienpopulationenerbrachten

den Hinweis auf ausgepragte Kalteadaptation. Diese zeigte sich anhand der Tatsache, daB die

gemessenenAktivierungsenergien fur die enzymatischen Reaktionen mit verfligbaren Substraten

einerseits am unteren Ende des bekannten Bereichs lagen, vor allern aber auch fioch bei den in

situ-Temperaturen zwischen +7°C und -1.7°C linear blieben. Permanent kalte Sedimente

«5°C) bedecken ·ca. 95% des Weltmeerbodens; den Ergebnissen dieser und anderer (Isaksen

llnd J0rgensen, 1996) Studien zufolge sind die dort lebenden (sulfatreduzierenden) Bakterien

11ervorragelld an die in sifll herrschenden Ternperaturbedingungen allgepa~t und k5nnen daher

effektiv am Abbau organischer Substanz mitwirken.

Zukullftige Anwendungen des Landers LUISE werden zeigen, ob cler beschriebene Trend zu

,""'£:l.ri"'1IrTL3 ....L3''''' in situ-Sulfatreduktionsraten auch bei Proben aus der Tiefsee festzustellen ist.

Diesb.ezuglic11 ist eine Ausfahrt ins Scllwarze tv1eer im Herbst diesen·Jahres (1997) geplant, die

sicll insbesondere mit dem Schwefelkreislaufder dortigen Sedimente befassen wird. Desweite­

rell sind Forschungsfahrten in Vorbereitung, die einerseits biogeochemische Untersuchungen an

Gasallstrittsstellen in der Agais zum Schwerpunkt haben (METEOR-Fahrt 40/2), andererseits

die Sedimente des Auftriebsgebiets vor Angola zum Gegenstand biogeochemischer Studien

haben werden (METEOR-Fahrt 41/1).
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Wie aus den vorausgegangenenKapiteln hervorgeht, habe ich mich in meiner Dissertation mit

dem marinen SchwefelkreislaufbefaBt und durchdie Entwicklung und Erprobung des Landers

LUISE vor allem den Grundstein fur in situ-Messungen von Sulfatreduktion gelegt. LUISE ist

aber ein Instrument, das generell die Injektion von Flussigkeiten in das zu beprobende Sediment

erlaubt. Neuartige Ansatze Zllf Bestimmung benthischer Sulfatreduktionsraten beinhalten den

Einsatz sauerstoffmarkierter·(S 18042-) Sulfatlosungen, mittels derer ein besseres Verstandnis

des Effekts der Reoxidation reduzierter Schwefelverbindungen ermoglicht wird (Ferdelman,

1997). Sollte sich diese Technik weiterhin als erfolgversprechend herausstellen, ware eine

Anwendung mit LUISE durchaus denkbar. Jedoch ist der Lander auch fur andere biogeochemi­

sche Untersuchungen geeignet. Gegenwartig wird das Gerat mit einem Sensor ausgeriistet, der

Temperaturprofile bis zu 60 em Tiefe erfassen kann; die Kenntnis der in situ-Temperatllf'/er-

haltnisse ist bei Untersuchungen bakterieller Aktivitat in hydrothermal beeinflussten Sedimen­

ten von besonderer Bedeutung, da mikrobielle .Stoffwechselraten temperaturabhangig sind.

Einsatz finden wird dieses System wahrend der bereits erwahnten Fahrt in die fi.\.gais bei der

Beprobung von lleiBen Gas-vents. Dberdies sind zum Beispiel Injektionen von 15N-markiertern

Nitrat in Tiefseesedimenten denkbar, urn in situ-Denitrifikationsraten zu bestimmen. Andere

Einsatzmoglichkeiten konnten die Injektion Fluoreszenz-markierter Polysaccharide beinhalten,

die erst kiirzlich entwickelt und angewandt worden sind (Arnosti, 1995), urn Hydrolyseraten

.extrazelllliarer Enzyme in Sedimenten zu ermitteln.
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Ubersicht der Zeichnungen im Anhang

Teil 1 - Rahmen ...

1.1 1-I/'I''JrnTV/'I'VJM'101/J

1.1.1 Seitliche Ansicht

1.1.2 Ansicht von aben

1.1.3 Bein und Fuss

1.1.4 Haltegestell fur Batterie

1.1.4.1 Haltegestell

.1.1.4.2 Stlitzstrebe

1.1.5 Verbindeklemmen fUr Rahmen

1.1.6 Verbinder fur Rahmeneinzelteile

1.1.7·Stabilisatoren zwischen Beinen und Rahmenstreben

1.2 Atiftriebsrahmen

1.2.1 Seitliche Ansicht

1.2.2 Ansicht von oben

1.2.3 Auftriebsrahmen~ unterer Teil, Ansicht von oben

.1.2.4 Seitlicher Auftriebskugeltrager, oberer Teil des Rahmens

1.2.5 Oberer und unterer Auftriebskugeltrager, unterer Teil des Rahmens

1.2.6 fUr extra

1.2.7 Zwischenstuck fUr Zentraleirll~eit

1.2.8 Aufhangevorrichtung des Landers

1.3 Ballastauslosesystem

'1 ...., 11 -n. 1 ., _ ., __ ."'= T"\_11 __ .A.. .L. ~ __ ..J~ __ T··T1~ ~_L.L.

1.,).1 Kanmen mIL nUllaSL:SY Slt':IIl HI ut;r u ut:rSl(.;lll
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1.3.2 Auslosehaken

1.3'.3 Halterung fur Auslosehaken

1.3.4Ballastgreifklemme

, 1.3.5 Fassung der Greifklemme im Fuss

1.3.6 Drahtseilrolle im Bein

1.3.7 Rollschakel am Rahmen

1.3.8 Rolle des Auslosesystems

1.3.9 Halterung flir Rolle

Teil 2 - Zentraleinheit ...

2.1 Tragende Teile

2.1.1 Verbindende Stahlro}1se

2.1.2 Endplatten der verbindenden Stahlrohre'

2.1.3 Obere Ebene

2.1.4 Untere Ebene

2.1.5 Spacer fUr Zentraleinheit

2.2 Bewegliche Teile

2.2.1 Corer-Ebene

2.2.1.1 Corer-Ebene

2.2.1.2 Deckplatten der Ebene

2.2.2 Pistontragende Ebene

2.2.3 Gleiter an den beweglichen Ebenen

2.2.4 Blockiermechanismus der oberen Ebene

2.2.5 Stangen des Blockiermechanismus

Anhang
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2.3 Grosses Motorhaus

2.3.1 Ansicht von cler Seite

2.3.2 Ansicht von oben/unten

2.3.3 Oberer Deckel

2.3.4 Unterer Deckel

2.3.5 Urnmantelungen cler Motoren

2.3.6 Halterung der Druckkompensationsmembrane

2.3.7 Motorenbefestigungsplatten obenlunten

2.3.8 Kupplung zwischen den Motoren

2.3.9 Statische Verbindung der Motoren

2.3.1 0 Dbertragerwelle nach aussen

2.3.11 Kupplung zum Verbindungsrohr

2.3. 12 Verbindungsrohr zur Gewindestange

2.4 Sensorhaus

2.4.1 Korper

2.4.2 Oberer Deckel

2.4.3 Unterer Deckel

2.4.4 Halterung der Druckkompellsationsmembran

2.4.5 Halteklammer

2.5 Kleines Motorhaus und Zubeh6r

2.5.1 Einzelteile des kleinen Motorhauses und Schnitte (Fa. W. Pickl)

2.5.2 Obere Deckelplatte (Fa. W. Pickl)

2.5.3 Untere Deckelplatte (Fa. W. Pickl)

2.5.4 Motoraufhangung (Fa. W. Pickl)

1 1 ...,
IlJ
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2.5.6 Achse (Fa. W. Pickl)

2.5.7 Bewegliche Kupplung

2.5.8 Spritzenhalterung (Fa. W. Pickl)

2.5.9 Spritzenausloser (Fa. W. Pickl)

2.5.10 Vorgelege undAbstandhalterzurNadelhalterung (Fa. W. Pickl)

2.5.111"\.,~."p,!n~I'TP1'"11na

2.5.12 Flihrungsstangen fur kleine Motorhauser

2.6 Kernrohre und Zubeh6r

2.6.1 Kernrohr

2.6.2 Halteklemme fur Kernrob..r

2.6.3 Kolben

2.6.4 Ventilstift

2.6.5 Kolbelilialtestangen

2. 7C"orecatcher

2.7.1 Karper des Corecatchers

2.7.2 Zwischenstuck

2.7.3 Endstiick und Verschlussplatte

2.8 S011stige Teile

2.8.1 ....., _ _ ....

2.8.2 Halterung der Sicherheits\vanne

2.8.3 Fedemder Antennentrager

2.8.4 Antennenhalterung

2.8.5 Halterung des Elektronikzylinders

2.8.6 Halterung des akustisc.hen Transducers

Anhang
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Teil 3 - Elektronik -

3.1 Elektronikzylinder

3.1.1 Seitliche Ansicht

3.1.3 Positionen der Subconn Bulkheads

3.2 Belegttngsplane der Steckverbindungen des Elektronikzylinders (V. Meyer, MPI)

3.2.1 Steckverbindungen im Deckel des Elektronikzylinders

3.2.2 Steckverbindungen im Boden des Elektronikzylinders

3:3 Kabelplan (fer Subconn Kabel

1 1 t:
IlJ
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Teil 4 - Materialien ODd Lieferanten -

1) Akustischer Ausloser

Ausloser Typ MR 500GB

Fa. Interacean, Vertri~b tiber Fa. Barnhaft Industriegerate, Kiel.

2) Auftriebskugeln

12 (13) Stck. 17' Auftriebskugeln in Hardhats mitjeweils 25,4 kg Auftrieb.

Fa. Benthos, Vertrieb tiber Fa. Barnhaft Industriegerate, Kiel

3) Ballast

Anhang

je 3 Stck. Brennzuschnitte aus Stahl, 450 mm Durchmesser, 65 mm Starke. Bezug tiber Fa. W.

Schmidt,Thedinghausen-Dibbersen.

4) Batterien

1 Stck. 24V38Ah wiederaufladbare Blei-Gel Batterie, Fa. Deep Sea Power and Light

1 Stck. 12v/76Ah wiederaufladbare Blei-Gel Batterie, Fa. Deep Sea Power and Light

Vertrieb fiber Fa. Nautilus, Bremen

5) Drucl<:kompensationsmembrane

Grosses Jvfotorhaus:

3 Stc.k..Rollmembran Typ BFA 35-50-35 50 NBR 253, Fa. Simrit



Anhang

Sensorhaus:

117

1 Stck. Rollmembran Typ BFA 35-30-35 50 NBR 253, Fa. Simrit, Bezug tiber Fa. Gottwald,

Bremen

6) Endschalter

2 Stck. 1802-100 wasser- und druckdichte Schalter, Position normal geschlossen, Subconn

ILM2M Steckverbindung am Kabel.

Fa. Hydracon, Anaheim, CA, USA

7) Gewindestangen

Ha'llptantrieb:

1 Stck. Trapezgewindespindel TR 36 x 6, 19angig rechts, Material 1.4571, ca. 1m lang."

1 Stck. Nylatron GSM Mutter passend zu TR 36 x 6

Inj"ektionsantriebe:

6 Stck. Trapezgewindespindel TR l~ x 3,1 gangig rechts, Material 1.4571, ca. 1m lang

6 Stck. Nylatron GSM Mutter passend zu TR 12 x 3

alles Fa. Madler, I-Iamburg

8) Kugeiiager

1 Stck. POM Lager mit Glaskugeln, Typ Haku 6006
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9) Motoren

Motoren des Hauptantriebs.o

2 Stck. Maxon 22.60.885.51.216-200 80W/24V gekoppelt

1 Planetengetriebe Maxon 2962~703-0100.0...000 100: 1

Motoren der In.jektionssysteme.o

·6 Stck. Faulhaber 1331 T 0-12 S 2.7W/12V

6 Planetengetriebe 14/1 159:1

10) Nadeln

Anhang

6 Stcko Hohlkaniilen aus rostfreiem Stahl (1.4301). Abmessungen: 2.70 mm A.D., 1.1 mm I.D.,

750 film Lange. 4 Seitliche Auslassoffnungen 0.50 Inm symn1terisch urn die Spitze angeordnet.

Glaskeramikartige Beschichtung aussen (AMF-N (H)-Schicht).Die obersten 20 mrn sind auf

einen A.D. von 2 mm abgedreht.

Bezug von Fa. Moller Feinmechanik, Fulda.

Verbindung zur Spritze: Swagelock Fitting SS-2MO-9

11) O-Ringe

Druckzylinder Deckel innen: 120.24 x 3.53 mm NBR 70 (Parker 2-248 N 674-70)

Grosses Motorllaus oberer und unterer Deckel: 120.24 x 3.53 mm (Parker 2-248 N 674-70)



Sensorhaus oberer und unterer Deckel: 72.62 x 3.53 mm (Parker 2~233 N 674-70)

1 "1 {\
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Kleines Motorhaus innen: 14.48 x 2.62 mm (Parker 5-239 N 674~70) und 4.2.52 x 2.62 mm (Par­

ker 2-131 N 674-70)

Kolben: 31.42 x 2.62 mm (Parker 2-124 C 557-70)

Subconn-Einbaustecker /-buchsen 2- und 4-polig: 12.42 x 1.78 nun (Parker 2-014 C 557-70)

Subconn-Einbaustecker /-buchsen 6- und 8-polig: 17.17 x 1.78 nun (Parker 2-017 C 557-70)

12) Peilhilfen

ARGOS Satellitensender Typ Slvl:tvl 6000/X, Firma SIS, Kiel

Blitzlicht Typ ST 400A, Fa. Novatech, Vertrieb tiber Fa. Nautilus, Bre~en

Radiosender Typ RF 700A-I, Fa. Novatech, Vertrieb tiber fa. Nautilus, Bremen

13) Sensoren

Drucksensor:Typ PAIO-600, Fa. Keller (CH), Eichplatine und Vertrieb durch Fa. Meerestech­

nik Elektronik, Trappenkamp

Temperatursensor: modifizierter Ll\1 35 (Selbstbau)

14) Simmerringe

Grosses Motorhaus: Typ V·ariseal 59041-0250-109-8
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Kleines Motorhaus: Typ Variseal 59044-0060-109-8

Bezug von Fa. Gottwald, Bremen.

15) Spritzen

6 Stck. gasdichte MikroliterspritzenTyp MS GLL 050, 500JlI Volumen.

Bezug tiber Jurgens, Bremen (Best.Nr.:9.221 972)

Anhang

Verbindung zu Nadeln tiber I8-gauge HPLC Teflonschlauch mit Luer-Lock Ansatz, Typ Z

11732-3 7 Fa~ Aldrich. Bezugiiber Fa. Jurgens, Bremen.

16) Steckverbindungen nDd Kabel

2 Stck. 8 polige Einbausteckverbindungen Typ BH8MX

2Stck 8 polige Einbaubuchsen Typ BH8FX

3 Stck. 6 polige Einbaubuchsen Typ BH6F

3 Stck. 4 polige Einbausteckverbindungen Typ BH4M

1 Stck.J(abelstecker Typ IL4M mit 17m Kabel

1 Stck. 4 polige Einbaubuchse Typ BH4F

6 Stck. 2 polige Minieinbausteckverbindungen Typ BHM2M

8 Stck. 2 polige Minibuchsen Typ DCM2M

2 Stck 1 polige Ministecker Typ OMMIM

12 Stck. Muttern, und Scheiben Typ BNWA

4 Stck. Sicherungshulsen Typ DLSA

7 Stck. Sicherungshiilsen Typ DLSB

Kabel nach Zeichnung (Nr. 3.3)

Bezug von Fa. Subconn tiber Fa. Bornhoft Industriegerate, Kiel.
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17) Steuer- und Messelektronik

Aufragsbau fur das MPI durch Fa. IBSO, Bremen.
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Part: main frame INr: 1.1.1

Scale: 1:12 View(s): side

Material: AIMg3 profiles Date: 2281897
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Part: main frame INr: 1.1.2

Scale: 1:12 View(s): top

Material: AIMg3 profiles Date: 22.1.97
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Part: leg and legholder I Nr: 1.1.3

Scale: ' 1:5 View(s): side

Material: AIMg3 profiles IDate: 22.1.97
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Part: Battery frame INr: 1.1.4.1

Scale: 1:3' View(s): all

Material: AIMg3 Aluminium IDate: 27.11.96
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Part: Battery frame support INr: 1.1.4.2

Scale: 1:4 View(s): top

Material: AIMg3 Aluminium IDate: 21.1.97



Part: Connectors for frames INr: 1.1.5

Scale: 1:1 View(s): all

~vfaterial: 316-6 Steel / POM Date: ,27.11.96 I

Steel plate, top view
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Part: Connectors for frame parts INr: 1.1.6

Scale: -1:2 View(s): all

Material: 316-6 steel IDate: 27.11.96

Side view
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Part: Stabilizers for legs INr: 1.1.7

Scale: 1:1 View(s): all

Material: AIMg3 Aluminium Date: 27.11.96
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Part: Floatframe INr: 1.2.1

Scale: 1:10 View(s): side

Material: AIMg3 Aluminum Date: 27.11.96
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Part: Floatframe INr: 1.2.2

Scale: 1:10 View(s): top

Material: AIM
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Aluminium IDate: 27.11.96..)
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Part: Floatframe, lower part INr: 1.2.3

Scale: 1:10 View(s): top

Material: AIM 3 Aluminium IDate: 27.11.96
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Part: Floatsupport top frame, side INr: 1.2.4

S·cale: 1:5 View(s): all

Material: AIMg3 Aluminium Date: 27.11.96
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Part: Float support lower frame, top I Nr: 1.2.5

Scale: 1:5 View(s): all

Material: AIM 3 Aluminium IDate: 27.11.96
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Part:Float supp. topframe, top & bottom INr: 1.2.5

Scale: 1:5 View(s): all

Material: AIMg3 Aluminium Date: 27.11.96
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Side view

Part: Float support extra float sphere I Nr: 1.2.6

Scale: 1:2 View(s): all

Material: AIMg3 Aluminium IDate: 27.11.96
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Top view Part: Spacer for central unit Nr: 1.2.7

Scale: 1:10 View(s): all
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Ton view
.J.

Part: Attachment plate on float frame INr: 1.2.8

Scale: 1:2 View(s): all

Material: 316-6' Steel Date: 27.11.96
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Schematic overview of the
ballast release system of

LUISE

Part: ballast release system overview I Nr: 1.3.1

Scale: 1:12 View(s): side

IMaterial: - Date: 23.1.97
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Part: releaser hook INr: 1.3.2

Scale: 1:4 View(s): side

~v1aterial: 316-6 steel, 8 r11rn Date: 23.1.97
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Top view

Part: release hook holder !Nr: 1.3.3

Scale: 1:1 View(s): all

lviaterial: 316-6 steel Date: 23.1.97
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Side view

Part: Release clamp !Nr: 1.3.4

Scale: 2:1 View(s): side

}y1aterial: 316=6 steel 8mm Date: 22.1.97
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Bottom view

51.9

Center section

Part: Ballastrelease - clamp stopper INr: 1.3.5

Scale: 1:1 View(s): all

Material:316-6 steel IDate: 22.1.97
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Bottom view

Part: cable roll for ballast wires (legs) INr: 1.3.6

Scale: 2: 1 View(s): all

~Aaterial: POlv1l316-6 steel I Date: 22.1.97 I
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Part: shackle roll for ballast wires !Nr: 1.3.7

Scale: 2:1 View(s): all

Material: 316-6 steel Date: 22.1.97
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Side view

Part:· ballast release roll /Nr: 1.3.8

Scale: 2:1 View(s): all

~vfaterial: POM Date: 23.1.97

020

~08.2

\ \
J }"'111111-.. --'030

( ( (\
C )

Top view

6 8 2
II 1/ 1/ 1/, , ,. ,

-- - ,
"

0\
,.-....f

i I i
I

i

J
- 10- "

26
1/ 1/

/ /



Top view
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Part: ballast release roll holder INr: 1.3.9

Scale: 2:1 View(s): all

tvfaterial: 316-6 steel Date: """'" "1 9""L,j .1. I
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Part: Connecting steel bars \Nr: 2.1.1

Scale: 1: 11 View(s): all

Material: 316-6 Steel Date: 27.11.96
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Top view

Side view

Part: Top plates for conn. steel bars 1Nr: 2.1.2

Scale: 1:1 View(s): all
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Part: Top level INr: 2.1.3

Scale: 1:4 View(s): top/bottom

Material: P·OI\1 Date: 27.11.96 I
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IDate: 23.1.97

Part: level bottom INr: 2.1.4

Scale: 1:4 View(s): top
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Part: Spacer for central unit INr: 2.1.5

Scale: 2:1 View(s): all

I Material: POM IDate: 27.11.96
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Bottom view

Part: Corer level INr: 2.2.1.1

Scale: 1:4 View(s): all

lvIaterial: POlvi Date: 21.1.97
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IDate: 30.1.97

Part: cover plates on corer level INr: 2.2.1.2

Scale: 1:3 View(s): 'all
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Part: Level piston INr: 2.2.2

Scale: 1:4 View(s): top/bottom

tv1aterial: POM Date: 27.11.96
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Top view

Part: Sliding tube for moving levels INr: 2.2.3

Scale: 1:2 View(s): all

Material: POM Date: 20.1.97
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Overview

30 I

Part:Locking mechanism for upper levelINr: 2.2.4

Scale: 1:2 VieV\T(s): all

IvIaterial: 316-6 Steel Date: 20.1.97

Side views
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IMaterial: 316-6 Steel IDate: 20.1.97

Part: Locking bars \Nr: 2.2.5

Scale: 1:4 View(s): all
I

Side view
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Part: big motorhouse I Nr: 2.3.1

Scale: 1:3 View(s): side

Material:cast plexiglass (PMMA) Date: 29.1.97

Note: middle part of drawing shows
flattened area on outside to which
membranes are fixed. 12 deep from outer
dia.

M6, 20 deep
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Note: connect M4 holes to
outside at bottom

Note: connect M5 holes to
inside at bottom

Part: big motorhouse INr: 2.3.2

Scale: 1:3 View(s): top/bottom

Material:cast plexiglass (PMMA) Date: 29.1.97

M5, 20 deep



Part: top lid for big motorhouse INr: 2.3.3

Scale: 1: 1.5 View(s): all

Material: POM Date: 20.1.97
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Part: bottom lid for big motorhouse INr: 2.3.4

Scale: 1:2 View(s): all

IvIaterial: POM Date: 22.1.97 I

Bottom view
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Cover for upper motor

Side view

20

Part: motorcovers I Nr: 2.3.5

Scale: 1:2 View(s): all

IMaterial:cast plexiglass (PMMA) Date: 30.1.97
I

=:over for lower motor

Note: slit takes up cables from
motors to subconn connector
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Center section

Part: membrane holder big motorhouse Nr: 2.3.6

Scale: 1:0.75 View(s): all

Material: POM IDate: 22.1.97 I

Top view
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NOTE: all small holes 5.1 dia Part: plates holding motors I Nr: 2.3.7

Scale: 1:1 View(s): top/bottom

Material: 316-6 steel, 3.5 mm Date: 20 1 9".7 • .1. I
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Part: axle to axle coupling I Nr: 2.3.8

Scale: 3:1 View(s): all

Material: brass Date: 29.1.97

Note: break edges
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Part: connectors for motors Nr: 2.3.9
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17 Scale: 3:1
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IDate: 29.1.97

Part: Coupling on motor axle Nr: 2.3.10

Scale: 2:1 View(s): all
!

I Material: 316-6 steel
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Side view

Part: Coupling motorhouse-spindlebar INr: 2.3.11

Scale: 1:0.75 View(s): all

Ivfaterial: 316-6 steel IDate: 20.1.97
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Part: Connecting tube to spindlebar INr: 2.3.12

Scale: 1:6 View(s):' side

Material: 316-6 steel, 30 * 3 Date: 23.1.97 I



2U.l.97IDare.

Part: Body of sensorhouse INr: 2.4.1

Scale: 1:1 View(s): all
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.Top view

lid screw M14 x 1

Part: top lid of sensorhouse INr: 2.4.2

Scale: 1:1 View(s): top/bottom

Material: POM Date: 20.1 .. 97 I

Bottom view
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Note: Side view see bottom lid



/Date: 20.1.97

Part: bottom lid of sensorhouse INr: 2.4.3

Scale: 1:1 View(s): all

.. ~_"'Ill. 1- - - --IMatenal: puMTop view
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IDate: 22.1.97

Part: Membrane holder sensorhouse INr: 2.4.4

Scale: 1:0,75 View(s): all

I... - " -IMatenal: POM

Top view
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Topview

8 mm screw ~

/Date: 20.1.97
,

0100

Part: Clamp holding sensorhouse INr: 2.4.5

Scale: 1: 1.5 View(s): all

rIMatenal: POM

Note: the 3 screws hold
the sensorhouse by
clamping
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Side view
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Part: coupling to spindlebar INr: 2.5.7

Scale: 1:0.33 View(s): all
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Side view

Part: Needleholder INr: 2.5.11

Scale: 2:1 View(s): all

Material: POM Inai-e' 23.1.97I.LJ L •
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IDate. 2U.l.Y /

Part: guiding bars for motorhouses INr: 2.5.12

Scale: 1:8 View(s): all
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Part: coreliner INr: 2.6.1

Scale: 1:4 View(s): all

IvIaterial: polycarbonate/PVC Date: 20.1.97 I

solid PVC ring glued to coreliner
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Side view

Rear view

Part: clamp for coreliner INr: 2.6.2

Scale: 1:4 View(s): all

J\1aterial: PO:rv1 Date: 20.1.97
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M12 sealing screw for
lip ring 3 x 9,9 x 5
NBR 70
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Part: piston INr: 2.6.3

Scale: 1:0.5 View(s): all

Material: POM Date: 20.1.97
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Part: piston valve INr: 2.6.4

Scale: 3:1 View(s): side (massive)

J\r1aterial: 316-6 steel IDate: 22.1.97
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Note: O-ring underneath top plate

/
l~ote: IvI3 thread. Nut on end holds spring (316-6 steel)



5
.,w-

II

I II
. I I

~ I "25
o
,......(

Part: holding bars for piston INr: 2.6.5

Scale: 1:5 View(s): side (massive)

Material: 316-6 steel IDate: 20.1.97

Nate: top 30 mm M5 thread
bottom 14 mm .M3 thread



IDate: 21.1.97

Part: Corecatcher body
I Nr: 2.7.1

Scale: 1: 1 View(s): all
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Part: Corecatcher head piece I Nr: 2.7.2

Scale: 1:1 View(s): all

Material:POM I Date: 21.1.97
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Part: Corecatcher top part and plate
I

Nr: 2.7.3

Scale: 1:1 View(s): all

I Material: POM Date: 21.1.97
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Part: safety tub !Nr: 2.8.1

Scale: 1:6 View(s): all

J\1aterial:Polypropylen /Date: 23.1.97
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Rearview

Part: safety tub holder INr: 2.8.2

Scale: 1:6 View(s): all
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IDate: 24.1.97
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Front view
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Part: antenna holder, flexible fixing I Nr: 2.8.3

Scale: 1:3 View(s): all
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Part: antenna holder I Nr: 2.8.4

Scale: 1:2 View(s): all
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