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1. Einleitung

Das Forschungsvorhaben Cascadia II (ImageFlux) mit dem Förderkenn-

zeichen 03G0149A wurde für den Zeitraum von 31 Monaten vom 01.06.2000

bis zum 31.12.2002 vom Bundesministerium für Forschung und Technik

gefördert. In den Bewilligungszeitraum fielen die Planung, die Vorbereitung und

die Durchführung verschiedener Messungen während der Expedition SO 149

(FS Sonne) sowie die nachfolgende Auswertung ausgewählter Datensätze.

Das Vorhaben basierte auf den Ergebnissen der Reise SO 111 (1996), die in

Villinger et al. [1996], Zühlsdorff et al. [1999, 2000] und Zühlsdorff und Spieß

[2001] zusammengefaßt sind, sowie auf den Erkenntnissen, die während

Ocean Drilling Program (ODP) Leg 168 gewonnen wurden [z.B. Fisher et al.,

2000]. Auf Grundlage der damaligen Arbeiten entstand eine Reihe von

Kooperationen mit amerikanischen und kanadischen Wissenschaftlern, die nun

auch im Rahmen dieses Forschungsvorhabens fortgesetzt wurden. Dies

beinhaltete im Wesentlichen die Arbeitsteilung während der Datengewinnung

mit zwei zeitgleich in den Arbeitsgebieten operierenden Schiffen (Seismik und

in situ Messungen auf FS Sonne [Spieß et al., 2001], in situ Messungen und

geologische/geochemische Beprobung auf R/V Thomas Thompson

(Fahrtleitung: A. Fisher)), aber natürlich auch die gemeinsame Publikation der

Ergebnisse.

Die geowissenschaftliche Expedition SO 149 fand vom 16.08.2000 bis zum

16.09.2000 statt. Während dieses Zeitraums wurde im Wesentlichen das im

Antrag definierte Arbeitsprogramm verfolgt. Dazu gehörten die Untersuchung

des aktiven Juan de Fuca Rückens im Bereich des Middle Valleys, eines mit

Sedimenten bedeckten Rückens namens First Ridge an der Ostflanke des Juan

de Fuca Rückens, und der Bereiche rauhen Basements im Cascadia Becken

(Second Ridge, Southern Outcrops, Deep Ridge). Zu für den späteren

Meßbetrieb nötigen Testzwecken wurde unterwegs noch kurzfristig die

Untersuchung eines Teilbereichs des nördlichen Cascadia Margins in das

Meßprogramm integriert. Alle diese Meßgebiete wurden auch bereits im

Rahmen des Ocean Drilling Programs (ODP) untersucht (ODP Legs 139, 146,

168 und 169).
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Der Schwerpunkt der Vermessungen lag auf hochauflösenden seismischen

Mehrfrequenzdaten, die teilweise auch als 3D Datensätze aufgezeichnet

wurden. Die seismischen Profile wurden mit den jeweils zeitgleich gewonnenen

akustischen Daten der schiffseigenen Systeme Parasound (engbündelndes

Sediment-Echolot) und Hydrosweep (Fächerlot) kombiniert, um maximale

Auflösung in Oberflächennähe und eine möglichst lückenlose flächenhafte

Abdeckung zu erzielen. Hinzu kamen außerdem in situ Messungen des

Wärmeflusses, der Leitfähigkeit und der oberflächennahen Temperatur-

gradienten. Weitere geo-technische, geologische, geo-chemische und

sedimentphysikalische Beprobungen und Untersuchungen wurden auf

Grundlage der auf FS Sonne gewonnenen seismischen und hydro-akustischen

Daten durch die Wissenschaftler auf R/V Thomas Thompson durchgeführt.

Die Ziele der Expedition SO 149 beinhalteten u.a. die dreidimensionale

Erfassung und Abbildung von potentiellen Wegsamkeiten für den Fluidaufstieg

durch marine Sedimente, eine Abschätzung lateraler Gradienten der sediment-

physikalischen Eigenschaften an Fluid-Austrittsstellen, Abschätzungen des

lokalen Temperaturfeldes und des Wärmestroms im Bereich von

Aufstiegszonen, und einen Vergleich der Charakteristika des Fluidaufstiegs in

den geologisch sehr unterschiedlichen Arbeitsgebieten. Außerdem sollten

Lokationen für die geologische und geochemische Beprobung sowie für

Tiefseebohrungen definiert werden, was sowohl unserem Beitrag zur

Kooperation mit den amerikanischen Wissenschaftlern entsprach als auch als

Grundlage für einen neuen Bohrvorschlag im internationalen Bohrprogramm

IODP diente.

Unter anderem deshalb bedeuten auch die in diesem Bericht dargestellten

Ergebnisse keineswegs den Abschluß der Arbeiten an den Daten der SO 149

Expedition. Der IODP Vorschlag wurde beim letzten (inoffiziellen) Ranking hoch

bewertet, so daß ein neues Leg im Cascadia Becken für 2004/2005

wahrscheinlich wird. Trotz der bisher gewonnenen umfassenden Erkenntnisse

ist außerdem das Potential der gewonnenen seismischen Daten (und hier vor

allem der 3D-Datensätze) noch längst nicht ausgeschöpft. Weiterführende
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Arbeiten befinden sich auch im Rahmen einer fortgesetzten Kooperation mit

amerikanischen Kollegen bereits in Planung.

Im Rahmen des Projekts entstandene Publikationen (Tagungsbeiträge siehe

Anhang A):
Fisher, A., E. Davis, M. Hutnak, V. Spieß, L. Zühlsdorff, A. Cherkaoui, L. Christiansen, K.

Edwards, R. Macdonald, H. Villinger, M. Mottl, G. Wheat, and K. Becker, Hydrothermal
recharge and discharge across 50 km guided by seamounts on a young ridge flank, Nature,
421, 618-621, 2003.

Jansen, D., In-situ Messungen der elektrischen Leitfähigkeit mariner Tiefseesedimente,
Beispiele aus dem Cascadia Becken, Diplomarbeit, Universität Bremen, 145 Seiten, 2002.

Jansen, D., B. Heesemann, M. Pfender, A. Rosenberger, and H. Villinger, In-situ-measurement
of electrical resistivity of marine sediments, results from Cascadia Basin, in preparation for
Marine Geology.

Spinelli, G., L. Zühlsdorff, A. Fisher, G. Wheat, M. Mottl, V. Spieß, E. Giambalvo, Hydrothermal
seepage patterns above a buried basement ridge, eastern flank of the Juan de Fuca Ridge,
J. Geophys. Res., accepted, 2003.

Underwood, M., K. Hoke, A. Fisher, E. Giambalvo, E. Davis, and L. Zühlsdorff, Provenance,
stratigraphic architecture, and hydrogeologic effects of turbidites in northwestern Cascadia
Basin, Pacific Ocean, J. Sediment. Res., in review.

Zühlsdorff, L., and V. Spieß, 3D seismic characterization of a venting site reveals compelling
indications for natural hydraulic fracturing, Geology, formally accepted, 2003.

Zühlsdorff, L., and V. Spieß, Sedimentation patterns, forced folding and fluid upflow above a
buried basement ridge – results from a high resolution seismic 3D survey, Basin Research,
in review.

Literatur (zitiert):
Fisher, A.T., E.E. Davis, and C. Escutia (Eds.), Proc. ODP Sci. Res., 168, College Station TX

(Ocean Drilling Program), 2000.
Spieß, V., and Cruise Participants, Report and preliminary results of R/V Sonne Cruise SO 149,

Berichte aus dem Fachbereich Geowissenschaften der Universität Bremen, 179, 2001.
Villinger, H., und Fahrtteilnehmer, Fahrtbericht SO 111, Berichte aus dem Fachbereich

Geowissenschaften der Universität Bremen, 97, 1996.
Zühlsdorff, L., V. Spieß, C. Hübscher, and M. Breitzke, Seismic reflectivity anomalies in

sediments at the eastern flank of the Juan de Fuca Ridge: Evidence for fluid migration? J.
Geophys. Res., 104, 15351-15364, 1999.

Zühlsdorff, L., V. Spieß, C. Hübscher, H. Villinger, and A. Rosenberger, Implications for focused
fluid transport at the northern Cascadia accretionary prism from a correlation between BSR
occurrence and near-seafloor reflectivity anomalies imaged in a multi-frequency seismic data
set, Int. Journ. Earth Sciences, 88, 655-667, 2000.

Zühlsdorff, L., and V. Spieß, Modeling seismic reflection patterns from Ocean Drilling Program
Leg 168 core density logs: Insight into lateral variations in physical properties and sediment
input at the eastern flank of the Juan de Fuca Ridge, J. Geophys. Res., 106, 16119-16133,
2001.         
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2. Expeditionsdurchführung

Die Expedition SO 149 wurde im August/September 2000 unter Einsatz des

mehrkanal-seismischen Instrumentariums der Universität Bremen durchgeführt.

Bis zu vier seismische Quellen (eine GI-Gun mit einem Volumen von 2 x 1.7 l,

eine GI-Gun mit einem Volumen von 2 x 0.4 l, zwei Waterguns mit einem

Volumen von jeweils 0.16 l) kamen im alternierenden Modus zum Einsatz, um

entlang desselben Profils Daten mit unterschiedlichem Frequenzgehalt

aufzuzeichnen (Mehrfrequenzansatz). Da erstmalig durch die Universität

Bremen auch 3D seismische Daten gewonnen werden sollten, wurden die

Waterguns über den Seitenkran bzw. den Magnetikausleger von FS Sonne

geschleppt, um die Dichte der Inlines für die hochauflösendste seismische

Quelle zu erhöhen. Der Streamer hatte eine aktive Länge von 600 m und wurde

mit Hydrophongruppenlängen von 6.25 m (GI-Guns) und 2.2-3.3 m (Waterguns)

für den jeweiligen Frequenzbereich und die Wassertiefen angepaßt. Tiefe und

Heading des Streamers konnten über Steuerbojen vom Labor aus kontrolliert

werden. Auch die restlichen Komponenten des Meßsystems, inbesondere die

beiden Aufzeichnungseinheiten und die Triggersteuerung, waren für die

alternierende Aufzeichnung hochauflösender Daten optimiert.

Da die Aufzeichnung von 3D-seismischen Datensätzen nicht nur eine

möglichst perfekte Kontrolle des seismischen Systems erforderte sondern auch

an die Eigenschaften und Möglichkeiten des zur Verfügung stehenden Schiffes

angepaßt werden mußte, erschien die Aufzeichnung eines Testdatensatzes

sinnvoll. Um die folgenden 3D Messungen möglichst selten unterbrechen zu

müssen, mußte u.a. der Verschleiß an Kanonen und Versorgungsleitungen

beim Schleppen am Ausleger minimiert werden. Außerdem war im Vorfeld der

Expedition noch nicht bekannt, wie gut sich mit FS Sonne Profilabstände von

nur 25 m realisieren lassen und wie entsprechend ein seismisches Grid am

effizientesten zu planen ist. Da sich für den minimale Wenderadius des Schiffes

mit ausgebrachtem Streamer etwa 0.25 nm ergaben, und alle Profile

entsprechend versetzt gefahren werden mußten, bedeuteten 25 m

Profilabstand höchste Anforderungen sowohl an die Besatzung des Schiffes als

auch an die Navigationsgenauigkeit.
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Als Testgebiet wurde kurzfristig ein Bereich des nördlichen Cascadia Margins

im Bereich zweier Bohrlokationen von ODP Leg 146 ausgewählt. Das

Testgebiet lag erstens auf dem Weg zu den Hauptarbeitsgebieten im Cascadia

Becken und am Juan de Fuca Rücken, und ergänzte diese zweitens um eine

weitere Möglichkeit, tektonisch initiierten Fluidaufstieg zu untersuchen. Zudem

hatten unsere kanadischen Kollegen um G. Spence, R. Chapman und R.

Hyndman dort gerade Gashydrate direkt am Meeresboden beprobt und gaben

uns somit die Möglichkeit, uns direkt an der aktuellen Forschung an dieser

Lokation zu beteiligen.

Nach dem ersten erfolgreichen Test am Cascadia Margin wurden weitere 3D

Messungen am First Ridge und im Middle Valley durchgeführt, die jeweils durch

geo-technische Messungen im Bereich identifizierter Aufstiegszonen ergänzt

wurden. Außerdem wurde ein quasi-3D Raster (mit größerem Profilabstand) im

Bereich der geplanten ODP Bohrlokationen am Second Ridge vermessen. Für

alle 3D Grids wurde außerdem durch ein dichtes Netz an zusätzlichen 2D-

seismischen Linien eine Verbindung zu den regionalen geologischen Strukturen

hergestellt. Eine Folge dieser Strategie ist eine sehr gute bathymetrische

Überdeckung durch das Fächerlot, die innerhalb der Hauptarbeitsgebiete

nahezu lückenlos ist.

Ebenso wie der Betrieb der schiffseigenen Echolotsysteme verliefen die

seismischen Messungen nahezu problemlos. Ein zunächst gravierender Defekt

am Lead-in des Streamers konnte ohne erwähnenswerten Verlust an Meßzeit

zunächst durch eine geänderte Konfiguration des Systems kompensiert und

schließlich mit Bordmitteln behoben werden.

Auch die Zusammenarbeit mit A. Fisher und seinen Kollegen auf dem

amerikanischen Schiff klappte ausgezeichnet. Eine Abstimmung der jeweiligen

Messungen erfolgte fast täglich über Funk, und ein Datenaustausch erfolgte

regelmäßig über Email. Größere Datenmengen, seismische Plots und Karten

wurden nach der Hälfte der Reise bei einem Rendez-vous auf hoher See bei

schlechtem Wetter über eine improvisierte Boje ausgetauscht.
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3. Internationale Kooperationen

Gleich mehrere Kooperationen mit verschiedenen Gruppen nordameri-

kanischer Wissenschaftler bestanden entweder bereits im Vorfeld der

Expedition oder ergaben sich unterwegs. Die Zusammenarbeit mit A. Fisher

(University of California, Santa Cruz), M. Mottl (University of Hawaii), C.G.

Wheat (University of Alaska, Fairbanks) und E.E. Davis (Pacific Geoscience

Center, Sidney, Canada) basierte auf unserer Arbeit mit den auf der Reise SO

111 gesammelten Daten. Sie mündete nach längerer Vorbereitung in die

gemeinsame Operation mit zwei Schiffen. Mit R. Chapman und G. Spence

(beide University of Victoria, Canada) und Roy Hyndman (Pacific Geoscience

Center, Sidney, Canada) ergab sich ein Datenaustausch für den Bereich der

Gashydratfundstelle am Cascadia Margin sowie einige gemeinsame

Präsentationen dieser Daten (siehe Anhang A, ausgewählte Präsentationen
auf Tagungen und Workshops). Steve Swift, Susan Humphris and Rob

Zierenberg (alle WHOI, USA) und Kristin Rohr (University of Victoria, Canada)

haben Interesse daran, mit uns im Middle Valley zusammenzuarbeiten. Diese

Zusammenarbeit ruht allerdings momentan, da der entsprechende Antrag auf

amerikanischer Seite abgelehnt wurde. Gleiches gilt für G. Itturino (Lamont,

USA). Entsprechende Kontakte bestehen jedoch weiterhin. Aufbauend auf den

Daten, die während der Reise SO 149 gesammelt wurden, ist außerdem eine

zukünftige Zusammenarbeit mit G. Spinelli und M. Underwood (beide University

of Missouri, Columbia, USA) geplant.

Wie aus den Anhängen ersichtlich ist, führten diese Kooperationen zu

einigen gemeinsamen Publikationen. Außerdem entstand, u.a. basierend auf

den seismischen Daten der Expedition SO 149, ein gemeinsamer IODP

Bohrvorschlag. Insgesamt ist zu erwarten, daß die internationale

Zusammenarbeit mit all den genannten Gruppen weiter fortgesetzt wird.
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4. Auswertearbeiten und Publikationen
Im Folgenden werden die Hauptergebnisse des Forschungsvorhabens kurz

zusammengefaßt. Eine ausführlichere Darstellung, so wie sie schließlich zur

Veröffentlichung kam oder entsprechend eingereicht wurde, ist dann jeweils in

den Anhängen zu finden.

4.1 Anhang B: Überblick (AGU Poster 2000, 2001)
Zühlsdorff, L., V. Spieß, H. Villinger, A. Fisher, G. Wheat, E. Davis, M.
Mottl, K. Rohr, T. Schwenk, and R/V Sonne and R/V Thomas Thompson
Shipboard Scientific Parties, Integrated geophysical, geological and

geochemical investigation of large-scale and small-scale fluid flow at the

eastern Juan de Fuca Ridge flank – A joint German-US two-ship operation in

the Cascadia Basin with R/V Sonne and R/V Thomas Thompson, AGU Fall

Meeting, San Francisco, 2000.

Zühlsdorff, L., V. Spieß, F. Meier, T. Schwenk, A. Fisher, M. Hutnak,
Seismic and hydro-acoustic constraints on sediment distribution, tectonics, and

fluid flow at the eastern Juan de Fuca Ridge flank, AGU fall meeting, San

Francisco, 2001.

Erste Ergebnisse der Expedition SO 149 wurden jeweils 2000 und 2001 auf

der Herbsttagung der American Geophysical Union (AGU) in San Francisco

vorgestellt (Kurzfassungen siehe Anhang A). In Anhang B sind Ausschnitte aus

den beiden Postern dargestellt. Im Wesentlichen sind darin wichtige erste

Ergebnisse zu den einzelnen Meßgebieten sowie ein Vergleich zwischen

einigen dieser Gebiete dargestellt:

a) Bathymetrie: Die vollständigste Bathymetrie, die es für das Cascadia

Becken und die Ostflanke des Juan de Fuca Rückens überhaupt gibt, wurde

zusammengesetzt aus Daten der Reisen SO 111, SO 149 (FS Sonne, 1996,

2000) und TN116 (R/V Thomas Thompson, 2000). Außerdem flossen Daten

ein, die freundlicherweise von A. Bobbitt (NOAA-PMEL) zur Verfügung gestellt

wurden. Die Daten wurden an der Uni Bremen editiert, bezüglich des

Geschwindigkeitsprofils re-prozessiert und schließlich zusammengesetzt. Von

Bedeutung ist die resultierende Karte nicht nur, um im Rückenbereich auf
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tektonische Prozesse rückschließen zu können, sondern auch, um vor allem im

Becken einen Überblick über die Lokation von Seamounts zu erhalten. Die

Seamounts („Bares“, „Outcrops“), d.h. Krustenberge, die die vergleichsweise

gering permeable Sedimentdecke durchstoßen, dienen als potentielle

Fluidleiter, sogenannte „permeable penetrators“. Um das Fluidregime an der

Ostflanke des Juan de Fuca Rückens verstehen zu können, muß man daher

wissen, wie sich jene Stellen verteilen, an denen ein direkter Fluidaustausch

zwischen Kruste und Ozean möglich ist. Die wichtigsten Seamounts finden sich

im Gebiet der Southern Outcrops (Grinnin‘ Bare, Grizzly Bare) und am Second

Ridge (Mama Bare, Papa Bare, Baby Bare). Ein weiterer Seamount ist der so

getaufte „Zona Bare“, der bereits während der Reise SO 111 überlaufen wurde

aber erst durch die sorgfältige und umfassende Datenbearbeitung während und

nach der Expedition SO 149 sichtbar wurde. Obwohl nicht das gesamte Gebiet

überdeckt werden konnte, ist es wahrscheinlich, daß die wichtigsten Bares

hiermit erfaßt wurden.

b) Middle Valley: Das Middle Valley ist ein sedimentiertes Spreizungszentrum

am nördlichen Ende des Juan de Fuca Rückens. Es entstand durch Extension,

Sedimentation und zeitgleichen Vulkanismus. Die relativ gering permeable

Sedimentdecke ist sehr jung und verhindert einen direkten hydrothermalen

Fluidaustausch zwischen Kruste und Ozean. Es ist zu erwarten, daß in geringer

Krustentiefe vergleichsweise hohe Temperaturen vorherrschend sind und

dadurch auch die treibenden Kräfte für den Fluidaufstieg größer sind als im

Cascadia Becken.

Seismische Daten im Bereich der ODP Bohrungen von Leg 139 und 169

zeigen, daß sowohl die interne Struktur als auch die physikalischen

Eigenschaften der Sedimente auf sehr kleinen Skalen beeinträchtigt werden

durch die Krustentektonik einerseits und den Fluß von Fluiden andererseits.

Dies äußert sich u.a. durch deutliche laterale und vertikale Variationen der

Reflexionsamplitude, die auf unterschiedliche Phasen der Alteration schließen

lassen. Außerdem sind in den hochauflösenden Daten eine ganze Reihe von

Störungen erkennbar, was in dieser Form in früheren Datensätzen, die von

verschiedenen Gruppen im Middle Valley gesammelt wurden, nicht der Fall war.
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Es handelt sich also um den bisher besten Datensatz, mit dem versucht werden

kann, die lokale Tektonik zu rekonstruieren.

Im zentralen Middle Valley wurde eine Erhöhung des Meeresbodens

beobachtet, die auf eine lokale Erhöhung des Basements zurückzuführen ist.

Dieses Basementhoch scheint eine Barriere für Turbidite zu bilden, die aus dem

Norden in das Gebiet eingetragen werden. Das ergibt sich aus einem Vergleich

der Sedimentmächtigkeiten und des Reflexionscharakters der Parasound Daten

nördlich und südlich der Barriere.

Aktiver oder ehemaliger Fluidfluß äußert sich u.a. durch die Bildung großer,

polymetallischer Sulfidkomplexe. Bent Hill, der durch inzwischen

abgeklungenes hydrothermales Venting entstanden ist, läßt sich seismisch

durch einen kompletten Verlust an kohärenter Reflexionsenergie

charakterisieren.

Ähnliche seismische Strukturen und Amplitudeneffekte, wie sie oben

beschrieben wurden, lassen sich auch am Dead Dog Vent Field beobachten.

c) Sedimentationsmuster am First und Second Ridge: Turbiditische

Sedimente werden über Kanäle in Form von Trübeströmen eingetragen. Diese

Suspensionswolken werden jedoch an Basementerhebungen reflektiert,

abgelenkt oder gestoppt. Am First Ridge wird ein mächtiges Sedimentkissen

beobachtet, das entsteht, wenn Turbidite zwischen zwei aufeinander

zulaufenden Basementrücken gefangen werden.

Sowohl die Quellen als auch die Sedimentationsraten sind unterschiedlich in

unterschiedlichen Bereichen des Beckens. Sedimentationsraten wurden

abgeschätzt, indem synthetische Seismogramme aus Kernlogs berechnet und

in die gemessenen Seismogramme eingehängt wurden. Auf diese Art ließen

sich Zeitmarken, die in den Kernen anhand von Mikrofossilien bestimmt

wurden, mit einzelnen Reflektoren in Verbindung bringen. Es ließ sich damit

auch das Alter der Basis der wichtigsten Sedimentationskanäle auf etwa 0.28

Millionen Jahre schätzen.

d) Tektonik und Vulkanismus: Die hochauflösenden Daten zeigen in allen

Gebieten Störungen, die auf eine tektonische Re-Organisation der Kruste

abseits der Rückenachse schließen lassen. Die Ausbildung von Growth-Faults
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scheint am Second Ridge vor 0.28 Millionen Jahren geendet zu haben,

wohingegen die Aktivität am First Ridge jünger zu sein scheint. Eine deutliche

Änderung der Basementstruktur ist zwischen dem Second Ridge und den

Southern Outcrops zu beobachten. Während das Basement am Second Ridge

generell als rauh beschrieben werden kann und parallele Basement Rücken

beobachtet werden, ist das Basement im Bereich der Southern Outcrops eher

glatt, wobei aber die vereinzelten Seamounts selbst deutlich ausgeprägter sind

als vergleichbare Strukturen am Second Ridge. Detaillierte Basementkarten

wurden aus der Vielzahl der vorhandenen seismischen Linien extrahiert und

dienen, u.a., als Grundlage für die Positionierung vorgeschlagener

Bohrlokationen.

e) Fluß von Fluiden: Am First Ridge beobachtet man schmale Zonen

geringerer Amplitudenabnahme, die mit dem Aufstieg von Fluiden in

Verbindung gebracht werden können. Eine Kartierung dieser potentiellen

Aufstiegszonen aufgrund eines Teils der Parasound Daten zeigt, daß die

Amplitudenanomalien zwar im Wesentlichen der Achse des First Ridge folgen,

daß sich die Verteilung dieser Zonen jedoch komplexer gestaltet als zunächst

angenommen worden war.

Auch an den Seamounts wurden mit chemischen Methoden

Fluidbewegungen detektiert. Es zeigt sich allerdings, daß es an solchen

Seamounts sowohl zum Fluidaustritt als auch zum Fluideintritt kommen kann,

d.h. Informationen über Sedimentmächtigkeit und Basementtopographie alleine

reichen noch nicht aus, um das Fluidsystem zu verstehen.

Weiterführende Ergebnisse sind in den folgenden Anhängen beschrieben.
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4.2 Anhang C: Hydrothermaler Fluidfluß durch die Kruste über eine
Entfernung von 50 km, Ein- und Austritt über Seamounts
(Medienresonanz in Anhang D (Auswahl))
Fisher, A., E. Davis, M. Hutnak, V. Spieß, L. Zühlsdorff, A. Cherkaoui, L.
Christiansen, K. Edwards, R. Macdonald, H. Villinger, M. Mottl, G. Wheat,
K. Becker, Hydrothermal recharge and discharge across 50 km guided by

seamounts on a young ridge flank, Nature, 421, 618-621, 2003.

Die Abkühlung ozeanischer Lithosphäre bis zu einem Krustenalter von etwa

65 Millionen Jahren erfolgt zu einem hohen Prozentsatz über den

Wärmetransport hydrothermaler Fluide. In Anbetracht der relativ gering

permeablen Sedimente, die die meisten Rückenflanken bedecken, war es

jedoch schwierig zu erklären, wie es zu einem effektiven Austausch dieser

hydrothermalen Fluide zwischen Kruste und Ozean kommen kann. In diesem

Artikel kann gezeigt werden, daß isolierte Erhebungen des permeablen

Basements, die die Sedimentdecke durchdringen, den Fluidaustausch über

eine Distanz von 50 km hinweg kontrollieren können. Der Nachweis gelingt

durch eine Integration bathymetrischer, seismischer und chemischer Daten

sowie vor allem durch eine detaillierte Messung des Wärmestroms.

4.3 Anhang E: Auswertung des 3D Testgrids am Cascadia Margin
Zühlsdorff, L., and V. Spieß, 3D seismic characterization of a venting site

reveals compelling indications for natural hydraulic fracturing, Geology, formally

accepted, 2003.

Auf der Basis eines hochauflösenden 3D seismischen Datensatzes kann

gezeigt werden, daß hydraulisches Fracturing einen effizienten Prozeß darstellt,

um Wegsamkeiten für Fluidaufstieg durch gering permeable Sedimente zu

schaffen. Es wurde eine auf einem akkretionierten Rücken beobachtete

längliche Pockmark-Struktur untersucht. An dieser Stelle hat der

bodensimulierende Reflektor (BSR), der die Untergrenze der Gashydrat-

Stabilitätszone repräsentiert, einen lokalen Höhepunkt, und es kann

angenommen werden, daß der Fluiddruck lokale Höchstwerte erreicht.

Hydraulisch (durch Porenüberdruck) entstandene Wegsamkeiten sind entlang
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der lokalen Hauptspannungsrichtung orientiert, d.h. senkrecht zur Ebene einiger

Störungsflächen, die in der Nähe beobachtet werden. Charakterisiert sind diese

Wegsamkeiten durch geringere Reflexionsamplituden in seismischen Daten.

Eine räumliche Analyse dieser Daten zeigt außerdem, daß die Randwälle der

Pockmark-Struktur bevorzugt entlang ihrer Achse ausgebildet werden. Aufgrund

dieser Beobachtungen läßt sich nun ein Szenario ableiten, das laterale

seismische Amplitudenvariationen in Beziehung setzt zur Sedimentverteilung,

zur regionalen Tektonik, zu episodischem Fluidfluß, sowie zur Bildung und

Zersetzung von Gashydraten. Dieses Szenario erklärt außerdem, wie große

Mengen an Methan durch die Stabilitätszone gelangen können, um die Bildung

von Gashydrat an der Sedimentoberfläche zu ermöglichen. Dieses Szenario

unterliegt keiner prinzipiellen lokalen Beschränkung und kann als Erklärungs-

modell für die Form und Orientierung von Aufstiegszonen weltweit in Betracht

gezogen werden.

4.4 Anhang F: Auswertung des 3D Grids am First Ridge (eingereicht für
einen 3D-Seismik Sonderband der Fachzeitschrift Basin Research)
Zühlsdorff, L., and V. Spieß, Sedimentation patterns, forced folding and fluid

upflow above a buried basement ridge – results from a high resolution seismic

3D survey, Basin Research, in review.

Auf Basis eines hochauflösenden seismischen 3D Grids wurde ein in sich

konsistentes Reflektormodell von der stratigraphisch komplexen Zone um und

auf dem First Ridge entwickelt. Daraus geht deutlich hervor, daß der Eintrag

von Turbiditen durch den Basementrücken blockiert wurde, solange, bis die

umgebenden Senken mit Sedimenten gefüllt und die Sedimentoberfläche

nahezu eingeebnet war. Folgende Turbidite konnten entweder zum Teil die

andere Seite des Rückens erreichen oder hatten ausreichend Energie, um

generell ein größeres Areal bedecken zu können.

Oberhalb ausgeprägter Basementerhöhungen beobachtet man schmale

Zonen geringerer seismischer Reflexionsamplitude, die bereits in früheren

Arbeiten mit Zonen erhöhter Porosität in Verbindung gebracht werden konnten.

Aufgrund des Reflektormodells läßt sich nun ausschließen, daß diese Zonen
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durch eine topographisch gesteuerte Korngrößensortierung und die Ablagerung

bevorzugt feinerer Partikel oberhalb des Rückens entstanden sind. Es ist

dagegen wahrscheinlich, daß diese Zonen Ausdruck einer Dehnung der

Sedimente im Zusammenhang mit sogenannten „Forced Folds“ sind. Diese sind

entweder das Resultat tektonischer Relativbewegungen im Basement oder

stehen in Verbindung mit Störungszonen innerhalb der Sedimentsäule. Da

„Forced Folds“ und die durch sie geprägten Wegsamkeiten den hydrothermalen

Fluidaufstieg über dem First Ridge zu fokussieren scheinen, wird angenommen,

daß es sich bei den Zonen geringerer Reflektivität um potentielle

Aufstiegszonen handelt. Zwar sind Zonen erhöhter Porosität und der

Fluidaufstieg nicht direkt gekoppelt, die 3D Daten liefern jedoch Informationen

über die Entwicklung eines Systems von Wegsamkeiten und damit ein

generelles Verständnis des Fluidsystems entlang dieses Rückens.

4.5 Anhang G: Muster des hydrothermalen Fluidaufstiegs am First Ridge
Spinelli, G., L. Zühlsdorff, A. Fisher, G. Wheat, M. Mottl, V. Spieß, E.
Giambalvo, Hydrothermal seepage patterns above a buried basement ridge,

eastern flank of the Juan de Fuca Ridge, J. Geophys. Res., accepted, 2003.

In dieser Studie erstellen Spinelli et al. eine Karte des Fluidaufstiegs auf

Basis der am First Ridge gewonnenen Sedimentkerne und der Informationen

über Sedimentmächtigkeit und Basementtopographie aus seismischen Daten.

Ausgewertet werden vor allem die Verteilung der physikalischen Eigenschaften

der Sedimente über dem First Ridge und modellierte Werte für den

topographisch bedingten Überdruck im Basement. Die abgeschätzten

Aufstiegsraten werden in erster Linie durch den zur Verfügung stehenden

Überdruck und die Sedimentmächtigkeit bestimmt, und erst in zweiter Linie

durch die hydraulischen Eigenschaften der Sedimente. Die Verteilung der

Sedimente wiederum scheint stark von Variationen der Meeresboden-

topographie beeinflußt zu werden.

Modellierte Aufstiegsraten über dem First Ridge liegen zwischen 0 und 35

Millimetern pro Jahr, bei einem Durchschnitt von 1.4 Millimetern pro Jahr. Etwa

die Hälfte des am First Ridge ausströmenden Fluidvolumens wird demnach aus
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einem Areal freigegeben, daß nur 15% der Gesamtfläche des Arbeitsgebietes

entspricht.

Die Karte der potentiellen Aufstiegszonen aus Anhang B korreliert recht gut

mit dem Fluidmodell aus Spinelli et al.. In Anhang F wird im Detail diskutiert,

warum das auch so erwartet wird. Es muß jedoch beachtet werden, daß eine

topographische Kontrolle der Sedimentverteilung (durch eine Blockade oder

Reflexion von Turbiditströmen und eine vertikale Korngrößensortierung) auf

anderen Skalen stattfindet als die Bildung der schmalen Zonen geringerer

Reflexionsamplitude, die über diesem Rücken in hochauflösenden seismischen

Daten beobachtet werden. Zwar erklärt die Studie von Spinelli et al. die

regionale Verteilung des Fluidflusses ebenso wie seine Größenordnung, die

kleinräumigen Anomalien müssen jedoch getrennt betrachtet werden (siehe

Anhang F).

4.6 Anhang H: Herkunft, stratigraphische Architektur und
hydrogeologische Eigenschaften der Turbidite im nordwestlichen
Cascadia Becken
Underwood, M., K. Hoke, A. Fisher, E. Giambalvo, E. Davis, L. Zühlsdorff,
Provenance, stratigraphic architecture, and hydrogeologic effects of turbidites in

northwestern Cascadia Basin, Pacific Ocean, J. Sediment. Res., in review.

In dieser Studie von Underwood et al. werden die geologischen Aspekte der

Turbidite am First Ridge näher untersucht. Obwohl andere Quellen denkbar

sind, ist der wahrscheinlichste Herkunftsort für die Turbidite Vancouver Island.

Der Ablagerungsraum auf der subsidierenden Rückenflanke zeichnet sich durch

eine graduelle (aber unregelmäßige) Progradierung der Turbidit-Fazies nach

Westen hin aus. Die stratigraphische Sektion ist im Allgemeinen nach oben hin

durch grobkörnigere und mächtigere jüngere Einheiten charakterisiert. Die

Intervalle, in denen Turbidite den First Ridge beeinflussen, sind starken

Variationen unterworfen, da sie durch unterschiedliche Prozesse beeinflußt

werden. Dazu gehören die Blockade von Turbiditströmen durch die

Basementerhöhung, die Remobilisierung von Sedimenten durch Slides und

Debris Flows und episodische Wechsel der Lokation von aktiven
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Transportkanälen. Die räumlichen und zeitlichen Variation der

Sedimentakkumulation führen zwangsläufig zu räumlichen Variationen im

Kompaktions- und Konsolidierungsverhalten der Sedimente. Diese Änderungen

wiederum haben einen Einfluß auf den Austausch hydrothermaler Fluide

zwischen Basement und Ozean (siehe auch Anhang G für einen großräumigen

Überblick sowie Anhang F für eine Untersuchung des kleinräumigen

Fluidaufstiegs).

4.7 Anhang I: In-situ Messungen der elektrischen Leitfähigkeit
Jansen, D., B. Heesemann, M. Pfender, A. Rosenberger, H. Villinger, In-

situ-measurement of electrical resistivity of marine sediments, results from

Cascadia Basin, Marine Geology, in review.

Während der Fahrt SO 149 wurde eine kombinierte Wärmestrom-/

Wärmeleitfäigkeitssonde erfolgreich eingesetzt. Damit konnte ohne zusätzliche

Schiffzeit gleichzeitig mit den Wärmestromdichtemessungen ein detailliertes

Profil des spezifischen Widerstandes des durchteuften Sedimentes gemessen

werden. Aus dem elektrischen Widerstand wurde dann über empirische

Beziehungen die Porosität berechnet. Insgesamt wurden 84 Messungen

durchgeführt, von denen 75 auswertbare Datensätze lieferten. Damit war es

möglich, auf ausgesuchten Profilen laterale Änderungen der Porosität

oberflächennaher Sedimente zu kartieren. Insbesondere konnte die Hypothese

bestätigt werden, daß eine in den seismischen Kartierungen auffällige Zone

niedriger akustischer Reflektivität auf dem First Ridge mit einer Erhöhung der

Porosität um ca. 10% verknüpft ist. Die aus den Widerständen berechneten

Porositäten stimmen im übrigen sehr gut mit den Ergebnissen überein, die

durch konventionelle Messungen der Porosität an Kernmaterial ermittelt

wurden.

Diese Daten wurden ursprünglich im Rahmen einer Diplomarbeit (Anhang J)

im Detail ausgewertet, aus der dann zunächst das Manuskript in Anhang I

hervorging.
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5. Ausblick
Die Auswertung der auf der Reise SO 149 gewonnen Daten führte zu einem

substantiellen Gewinn an Erkenntnissen am First Ridge, am Second Ridge und

an den Southern Outcrops, sowie am Cascadia Margin. Die bisherigen

Ergebnisse wurden veröffentlicht oder sind zur Veröffentlichung eingereicht

bzw. stehen kurz davor. Damit ist die Datenauswertung jedoch noch nicht

abgeschlossen. Gerade die 3D seismischen Datensätze besitzen ein

außerordentlich hohes Potential für weitere Detailstudien, und auch die

Möglichkeiten der hochauflösenden 2D Seismik konnten, vor allem für die dicht

vermessenen Hauptarbeitsgebiete, innerhalb der begrenzten Projektlaufzeit

noch längst nicht ausgeschöpft werden.

Im Verlauf des Forschungsvorhabens wurden bestehende Kooperationen mit

internationalen Partnern intensiviert und neue Kooperationen gegründet. Diese

Kooperationen werden ebenfalls fortgesetzt. U.a. ist geplant, die Interaktion von

Turbiditströmen und topographischen Erhebungen auf der Grundlage unseres

3D Datensatzes am First Ridge zu modellieren (Zusammenarbeit mit G. Spinelli

und M. Underwood). Außerdem laufen Anträge unserer amerikanischen Partner

um G. Itturino und S. Humphris für Arbeiten im Middle Valley. Innerhalb dieser

Kooperationen werden die seismischen Arbeiten in diesem Gebiet ebenfalls

fortgesetzt.

Die Arbeiten an diesem Projekt führten schließlich zu einem IODP

Bohrvorschlag (Anhang K). Darin wird ein multidisziplinäres Arbeitsprogramm

vorgeschlagen, mit einem primären Arbeitsgebiet (Second Ridge) und zwei

sekundären Arbeitsgebieten (First Ridge, Deep Ridge). Zu den Zielen gehören

die Untersuchung der Verteilung von Wegsamkeiten innerhalb des

hydrothermalen Systems, die Definition von Beziehungen zwischen der

Fluidzirkulation, der Alteration und mikrobiellen Prozessen, sowie die

Untersuchung der Beziehung zwischen seismischer und hydrologischer

Anisotropie. Das vorgeschlagene Leg beinhaltet die erste mehrdimensionale

Cross-Hole-Untersuchung in ozeanischer Kruste (am Second Ridge).

Außerdem ist die Installation von CORKs vorgesehen, die zur Langzeitmessung

in ausgewählten Bohrlöchern verbleiben. Der Vorschlag baut auf den
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Ergebnissen von ODP Leg 168 auf und wird gestützt durch eine Vielzahl

zusätzlicher seismischer, geologischer und geochemischer Daten sowie

Wärmeflussmessungen und weiterer geo-technischer Informationen. Da im

Cascadia Becken ein Netzwerk aus Glasfaserkabeln geplant ist, sind außerdem

die Umstände für Langzeitbeobachtungen ausgezeichnet. Die vorgeschlagenen

Sites liegen an Stellen, an denen ein natürlicher Überdruck im Basement

vorhanden ist, was ebenfalls sinnvolle Langzeitmessungen des Fluidflusses

gewährleistet.



Anhang A:

Kurzfassungen von Vortrags- oder Posterbeiträgen
auf Tagungen und Workshops

(Auswahl)

Inhalt:
1. Herbsttagung der American Geophysical Union, Dezember 2000, San Francisco, Integrated

geophysical, geological and geochemical investigation of large-scale and small-scale fluid flow at
the eastern Juan de Fuca Ridge flank - A joint German-US two-ship operation in the Cascadia
Basin with R/V Sonne and R/V Thomas Thompson (L. Zühlsdorff, V. Spieß, H. Villinger, A. Fisher
and R/V Sonne and R/V Thomas Thompson Shipboard Scientific Parties)

2. Kolloquium des DFG-Schwerpunktprogramms ODP/DSDP, Februar/März 2001, Karlsruhe,
ImageFlux and RetroFlux: An integrated geophysical, geological, and geochemical investigation of
fluid flow on young crust of the Juan de Fuca Ridge (L. Zühlsdorff, V. Spieß, H. Villinger, A.T.
Fisher, C.G. Wheat, E.E. Davis, M.J. Mottl, K.M.M. Rohr, S. Humphris, T. Schwenk, and the
ImageFlux and RetroFlux Scientific Parties)

3. Statusseminar Meeresforschung mit FS Sonne, März 2001, Hannover, Fluidaufstieg in
Sedimenten des Cascadia Beckens und des Middle Valleys: Ziele und erste Ergebnisse der
gemeinsamen Expedition FS Sonne SO 149 und R/V Thompson (August/September 2000) (V.
Spieß, L. Zühlsdorff, H. Villinger, A. Fisher, E. Davis, K. Rohr)

4. Jahrestagung der Canadian Geophysical Union, Mai 2001, Ottawa, Multi-frequency seismic
data in the vicinity of a gas hydrate site at the northern Cascadia Accretionary Prism (L.
Zühlsdorff, V. Spiess, T. Schwenk, R. Chapman, M. Riedel, R. Hyndman)

5. Herbsttagung der American Geophysical Union, Dezember 2001, San Francisco, Seismic
and hydro-acoustic constraints on sediment distribution, tectonics, and fluid flow at the eastern
Juan de Fuca Ridge flank (L. Zühlsdorff, V. Spieß, F. Meier, T. Schwenk, A. Fisher, M. Hutnak)

6. Herbsttagung der American Geophysical Union, Dezember 2001, San Francisco, In situ
measurement of electrical resistivity of deep sea sediments: Results from Cascadia Basin, eastern
flank of the Juan de Fuca Ridge (H. Villinger, B. Heesemann, D. Jansen, M. Pfender, A.
Rosenberger, C. Spindeldreher)

7. The fourth international conference on gas hydrates, Mai 2002, Yokohama, Multi-frequency
seismic data in the vicinity of a gas hydrate site at the northern Cascadia Accretionary Prism (L.
Zühlsdorff, V. Spieß, T. Schwenk, R. Chapman, M. Riedel, R. Hyndman)

8. EGS-AGU-EUG Joint Assembly, April 2003, Nizza, Imaging potential fluid upflow zones within a
high resolution 3D seismic data set at the eastern flank of the Juan de Fuca Ridge (L. Zühlsdorff,
V. Spieß)

9. Herbsttagung der American Geophysical Union, Dezember 2003, San Francisco,
Sedimentation Patterns, Forced Folding and Fluid Upflow Above a Buried Basement Ridge –
Results From a High Resolution Seismic 3D Survey (L. Zühlsdorff, V. Spieß)



Herbsttagung der American Geophysical Union, Dezember 2000, San Francisco

Integrated geophysical, geological and geochemical investigation of large-scale and
small-scale fluid flow at the eastern Juan de Fuca Ridge flank - A joint German-US
two-ship operation in the Cascadia Basin with R/V Sonne and R/V Thomas Thompson

L. Zühlsdorff, V. Spieß, H. Villinger, A. Fisher and R/V Sonne and R/V Thomas Thompson
Shipboard Scientific Parties

The nature of fluid flow, recharge, and venting through oceanic crust and marine sediments
was for more than a decade subject of several reasearch cruises to the Cascadia Basin at
the Juan de Fuca Ridge flank. To understand the complex patterns of these fluid systems,
even more extensive and detailed data sets are yet to be collected. To identify pathways for
thermally driven fluid flow and to quantify mass and energy fluxes through different structures
and sediment bodies, a joint German-US research initiative was conducted to collect high
and very high resolution 2.5D and 3D multichannel seismic data in conjunction with in situ
measurements of heat flow, sediment physical properties, and fluid properties as well as
geochemical and sedimentological sampling.
During two research cruises on U.S. R/V Thomas Thompson and the German R/V Sonne
operating simultaneously in August/September 2000 in the Cascadia Basin, sites of potential
fluid recharge or discharge through the seafloor were searched and surveyed based on the
mutual progress of the shipboard work. Basement outcrops, subcrops and a sedimented
basement ridge as well as vent fields at Middle Valley (Juan de Fuca Ridge) were surveyed
and sampled in great detail to locate centers of fluid expulsion and to estimate the lateral
extent of upflow zones. Since the extent and effects of hydrothermal fluid migration are
controlled by factors such as heat distribution, permeability structure, sediment thickness,
completeness of sediment cover, and basement topography,  processes are different in the
outcrop/subcrop study area in the vicinity of a pronounced basement topography than in the
Middle Valley study area, where very high temperatures provide much stronger driving forces
for fluid flow.
The main objectives of the cruises include (1) exploring the lateral scales of hydrothermal
circulation and the nature of pore-fluid evolution, (2) estimating lateral gradients and
patchiness of sediment physical properties and chemical properties of the fluids, (3)
investigating possible driving forces for fluid flow, and (4) 3D imaging of potential fluid
pathways and local tectonic structures with multi-frequency seismic data of sufficiently high
resolution and sufficiently small line spacing. Preliminary results indicate that vertical fluid
flow through the sediments is associated with local changes in sediment physical properties,
which strongly affect seismic reflection amplitudes. This provides the opportunity to estimate
the spatial extent of fluid upflow and the volumes of sediment and pore space that host the
flow.



Kolloquium des DFG Schwerpunktprogramms ODP/DSDP, Februar/März 2001,
Karlsruhe

ImageFlux and RetroFlux: An integrated geophysical, geological, and geochemical
investigation of fluid flow on young crust of the Juan de Fuca Ridge

L. Zühlsdorff, V. Spieß, H. Villinger, A.T. Fisher, C.G. Wheat, E.E. Davis, M.J. Mottl, K.M.M.
Rohr, S. Humphris, T. Schwenk, and the ImageFlux and RetroFlux Scientific Parties

During the last decade, the Cascadia Basin and the eastern flank of the Juan de Fuca Ridge,
as well as the sedimented spreading center at the northern end of the Juan de Fuca Ridge
(Middle Valley) have been visited by several research cruises and three ODP Legs, which
were designed to investigate different types of fluid flow. ODP Leg 168 was targeted to
elucidate the fundamental physics and fluid chemistry of ridge-flank hydrothermal circulation
and the consequent alteration of the upper crust and sediments, whereas ODP Leg 139 and
two sites of ODP Leg 169 were focussing on hydrothermal processes and products at Middle
Valley. However, the nature of fluid flow, recharge, and venting through oceanic sediments
and basement is only partially understood. Part of the problem is that fluid systems may vary
in space and time, and that 3D or 2.5D high resolution seismic data, which can be used to
identify pathways for fluid flow, are rarely available. In situ measurements of heat flow,
sediment physical properties, and fluid properties are required to provide constraints on
mass and energy fluxes associated with hydrothermal circulation, and to understand what
parameters control these fluxes.
During research cruises on the German R/V Sonne (Cruise SO 149, ImageFlux) and US R/V
Thompson (RetroFlux) in August/September 2000, geophysical, geological, and geochemical
data were collected in the vicinity of ODP sites, which provide evidence of potential fluid
recharge and discharge through the seafloor. These include basement outcrops, subcrops
and a sedimented basement ridge on the eastern flank of the ridge (ODP Leg 168), as well
as vent fields in Middle Valley (ODP Legs 139 and 169). The extent and effects of
hydrothermal fluid migration are controlled by factors such as heat distribution, permeability
structure, sediment thickness, completeness of sediment cover, and basement topography.
The ridge flank sites selected for our expeditions include pronounced basement topography,
variations in sediment thickness, and the extent of coverage, whereas the Middle Valley
study area has the highest venting temperatures and probably the strongest driving forces for
fluid flow.
The main objectives of the cruises were to: (1) define lateral scales of hydrothermal
circulation along structural strike, (2) constrain pore-fluid evolution, lateral gradients in
sediment physical properties, and chemical properties of basement fluids, (3) determine the
possible roles of basement outcrops in hydrothermal recharge, (4) image in three dimensions
potential fluid pathways and local tectonic structures with multi-frequency seismic data of
very high resolution and with small line spacing, and (5) provide a detailed site survey for the
planning of a new ODP Leg on the eastern ridge flank, which will be designed to study
hydrologic fluxes in the oceanic crust between different boreholes.
Preliminary results suggest that some basement outcrops help to focus hydrothermal
recharge while others host discharge, and that hydrothermal fluids may travel tens of
kilometers along strike between crustal entry and exit points. We are also examining the
correlation between fluid flow, seismic anomalies, and sediment physical properties to see
whether geophysical tools can be used to map out fluid seepage in this setting and to
estimate the volumes of sediment and pore space that host the flow.
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Fluidaufstieg in Sedimenten des Cascadia Beckens und des Middle Valleys: Ziele und
erste Ergebnisse der gemeinsamen Expedition FS Sonne SO 149 und R/V Thompson
(August/September 2000)

Volkhard Spieß, Lars Zühlsdorff, Heinrich Villinger, Andrew Fisher, Earl Davis, Kristin Rohr

Einführung und Zielsetzung
Das Cascadia Becken vor der Westküste Kanadas ist durch die Besonderheit charakterisiert,
daß junge ozeanische Kruste in der Nähe zu einem Kontinent entsteht und bereits in einer
frühen Phase der Entwicklung große Volumina terrigener Sedimente eingetragen werden.
Diese bilden ein Siegel, durch das die hydrothermale Zirkulation weitestgehend in der Kruste
isoliert wird. Ein lokal begrenzter Stoffaustausch zwischen Kruste, Sedimenten und Ozean
kann jedoch stattfinden, wenn die Sedimentmächtigkeit und damit die hydraulische
Impedanz gering sind. Um den hydrothermalen Fluß, seine räumliche Ausdehnung und die
treibenden Kräfte untersuchen zu können, benötigt man außerdem Informationen über die
Topographie des Basements, über die räumliche Verteilung und Variabilität von Wärmefluß
und Permeabilität, und über die Vollständigkeit der Sedimentbedeckung.
Die Rekonstruktion von Fluidaustausch- und Migrationsprozessen war bereits mehrfach Ziel
geophysikalischer und geologisch-geochemischer Untersuchungen an den Sedimenten des
Cascadia Beckens und des angrenzenden Middle Valleys im zentralen Juan de Fuca
Rücken. So wurde z.B. advektiver Fluß durch die Sedimente während verschiedener
Bohrexpeditionen im Ocean Drilling Program (Legs 139, 168, 169) nachgewiesen, während
auf der FS Sonne Reise SO 111 fokussierter Fluidaufstieg mit lokalen Zonen erhöhter
Porosität und Anomalien in seismischen Reflexionsamplituden in Beziehung gesetzt werden
konnten.
Trotz der gezielten Anstrengungen der zurückliegenden Forschungsfahrten sind bislang
jedoch Ventprozesse und der klein- und großskalige Fluß von Fluiden durch die Kruste und
die Sedimente nur teilweise verstanden. Die Ursachen sind u.a. darin zu sehen, daß es sich
um dreidimensionale Prozesse und Strukturen handelt, und detaillierte räumliche
Untersuchungen sowie die präzise Identifikation von Advektionszonen aus seismischen
Daten noch fehlen. Außerdem sind Daten zur Abschätzung der wirkenden Kräfte schwer zu
erhalten und die Messung von Flußraten außerordentlich schwierig.
Die Expedition SO 149 fand daher in enger Kooperation mit amerikanischen und
kanadischen Kollegen der Universitäten Santa Cruz, Honolulu, Fairbanks und Miami sowie
des Pacific Geoscience Centers statt und zielte darauf ab, geophysikalische Daten mit
geologischen und geochemischen Daten zu kombinieren. Dazu wurden von deutscher Seite
die reflexionsseismischen, echographischen und hydroakustischen Messungen sowie Insitu-
Bestimmungen physikalischer Sedimenteigenschaften beigesteuert. Die internationale Crew
des zeitgleich operierenden amerikanischen R/V Thompson konzentrierte sich dagegen auf
die geologische und geochemische Beprobung sowie die Messung des Wärmetransports
durch den Meeresboden. Zum Teil sollten die Messungen auch dazu dienen, einen weiteren



ODP Bohrvorschlag für das Cascadia Becken zu unterstützen und potentielle Standorte für
Langzeitmeßstationen im geplanten NEPTUNE System zu vermessen.
Zu den wichtigsten Zielen beider Forschungsreisen gehörten (1) die Untersuchung der
lateralen Variabilität der hydrothermalen Zirkulation und der damit verbundenen chemischen
Veränderung der Porenfluide, (2) die Abschätzung lateraler Gradienten physikalischer
Sedimenteigenschaften und chemischer Fluideigenschaften, (3) die Untersuchung der
treibenden Kräfte für Fluidfluß, und (4) die dreidimensionale Abbildung potentieller
Migrationswege und lokaler tektonischer Strukturen mit hochauflösenden seismischen
Daten.

Methodik
Die seismischen Vermessungen wurden so angelegt, daß aus den Daten sowohl ein
regionaler Überblick gewonnen werden kann als auch die detaillierte Untersuchung
bestimmter lokaler Strukturen möglich ist. Um dazu so gut wie möglich die Kriterien für eine
echte 3D-Auswertung der seismischen Daten zu erfüllen, mußten die Profilabstände
teilweise auf bis zu 25 m reduziert werden. Durch das parallele Schleppen einer zweiten
Watergun an einem Seitenausleger wurde für die hochfrequenteste der eingesetzten Quellen
(bis zu 1600 Hz) der effektive Profilabstand weiter reduziert. Waterguns und GI-Guns mit
unterschiedlichem Kammervolumen wurden im alternierenden Betrieb verwendet, um auf
allen Profilen Datensätze mit unterschiedlicher Auflösung und Eindringung zu gewinnen. Die
seismischen Daten wurden stets durch Aufzeichnungen der Echolote Parasound
(Sedimentechographie) und Hydrosweep (Bathymetrie und Backscatter) ergänzt. Zusätzlich
kamen auf ausgewählten Profilen Sonden zur Messung der elektrischen Leitfähigkeit
(Abschätzung relativer Porositätsvariationen) und des Wärmestroms zum Einsatz. Weitere
Wärmestrommessungen sowie geologische und geochemische Beprobungen wurden von
den amerikanischen Partnern übernommen.

Arbeitsgebiete und erste Ergebnisse
Da eine wesentliche Abhängigkeit zwischen dem Stoffaustausch und der Topographie des
ozeanischen Basements bzw. der Sedimentmächtigkeit besteht, konzentrierte sich der erste
Teil der Reise auf den Bereich der sogenannten „Bare Seamounts“. Es handelt sich dabei
um einige aus dem Meeresboden herausragende Teile ozeanischer Kruste (Outcrops), die
aufgrund ihrer hohen Permeabilität für den Fluidaustausch zwischen Kruste und Ozean von
großer Bedeutung sind. Im selben Gebiet finden sich auch weitere Basementerhebungen,
die zwar nicht die Sedimentoberfläche durchstoßen, jedoch durch ihre nur sehr
geringmächtige Sedimentauflage Bereiche markieren, in denen ein Fluidaustausch durch die
Sedimente potentiell möglich ist. Durch ein dichtes Netz von Profilen über zwei
Basementrücken, deren Verlauf die meisten der 'Outcrops' folgen, konnte zunächst
weitestgehend sichergestellt werden, daß sich im Umfeld des geplanten neuen ODP
Bohrprojekts und Injektionsexperiments keine bisher unbekannten Basementerhebungen
befinden, die das Fluidsystem und eine Bilanzierung des Flusses nachhaltig beeinflussen
können. Außerdem ließ sich durch mehrere gezielte Kreuzprofile klären, welche der



Basementerhebungen eine Sedimentbedeckung besitzen und wo ein ungehinderter Fluidfluß
zu erwarten ist. Es wurde gleichzeitig eine für die amerikanischen Kollegen optimale
Planungsgrundlage geschaffen, die es ermöglichte, geeignete Lokationen für die
geologische und geochemische Beprobung festzulegen. Die Geochemiker auf R/V
Thompson konnten anschließend auf der Grundlage der seismischen Vermessung eine
Stelle finden, an denen ungewöhnlich hohe Aufstiegsraten von vermutlich mehreren
Zentimetern pro Jahr zu beobachten sind. Im Echolot zeigt sich hier eine sehr kleinräumige,
nur schwach ausgeprägte Störung der Reflexionsmuster, die aber mit einer deutlich
ausgeprägteren Temperaturanomalie verbunden ist.
Das zweite wichtige Arbeitsgebiet wird als „erster sedimentierter Rücken“ bezeichnet. Hier
liegen nur geringmächtige Sedimente auf der Kruste, und Messungen an Sedimentkernen
hatten bereits gezeigt, daß Fluide diese dünne Sedimentdecke durchströmen. Die
seismischen Daten der Reise SO 111 hatten darüber hinaus deutliche Hinweise auf eine
seismische Ausprägung lokaler Fluidaufstiege als vertikale transparente Zonen ergeben. Die
bisher vorliegenden Profile wurden zu einem zusammenhängenden Meßnetz ergänzt und
verdichtet, was die detaillierte dreidimensionale Aufnahme der Morphologie der ozeanischen
Kruste ermöglicht und Grundlage für eine genaue Flächen- und Volumenabschätzung
potentieller Aufstiegswege sein wird. Es konnte verifiziert werden, daß sich entlang der
gesamten Basementerhebung seismische Amplitudenanomalien unterschiedlicher
Ausprägung beobachten lassen. Die räumlichen Verteilungsmuster dieser Anomalien
erwiesen sich aber als komplexer als es aufgrund früherer Ergebnisse erschien, wobei
vereinzelte Amplitudenanomalien auch abseits des eigentlichen Rückens über lokalen
Basementhochs erkennbar sind (Abbildung 1). Ein Zusammenhang zwischen seismischen
Amplitudenanomalien und Zonen erhöhter Porosität deutet sich in den Daten der
elektrischen Leitfähigkeit an, wobei aber für genauere Aussagen weitere Auswertungen
erforderlich sind.
Das dritte wichtige Arbeitsgebiet liegt im Bereich des zentralen Juan de Fuca Rückens
(Middle Valley). Hier ist Kruste geringen Alters bereits mit mächtigen Sedimentpaketen
bedeckt, so daß ebenfalls Fluidaufstieg in Sedimenten beobachtet werden kann. Im
Gegensatz zu den Situationen extremer Basementtopographie im Cascadia Becken, findet
man hier den Extremfall hoher Temperaturen der Krustenfluide und die wahrscheinlich
stärksten Antriebskräfte für den Fluidfluß. Hier sollte mit Hilfe der hochauflösenden Seismik
versucht werden, den Weg der heißen Fluide durch die Sedimentsäule zu verfolgen und
gleichzeitig ein Verständnis der treibenden Kräfte sowie der plattentektonischen
Strukturelemente in dieser komplexen Region zu entwickeln. Die hohe Qualität der
gesammelten seismischen Daten läßt einen signifikanten Zuwachs an Detailinformation
bezüglich der Sedimentalteration, einer mehrphasigen Krustentektonik und der
Veränderungen der Sedimenteigenschaften an Fluidaustrittsstellen und Aufstiegskanälen
erwarten (Abbildung 2).
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Multi-frequency seismic data in the vicinity of a gas hydrate site at the northern
Cascadia Accretionary Prism

Lars Zühlsdorff, Volkhard Spiess, Tilmann Schwenk, Ross Chapman, Michael Riedel, Roy
Hyndman

During two research cruises of the German R/V Sonne (Cruise SO 111, Cruise SO 149 –
ImageFlux) in 1996 and August/September 2000, a dense grid of high resolution multi-
channel seismic, echosounder, and swath-sounder data was collected at the northern
Cascadia Accretionary Prism close to ODP Leg 146 Sites 889 and 890. Within the study
area, coverage of swath-sounder data (Hydrosweep) is almost complete and detailed images
of seafloor bathymetry provide information about sediment distribution, mass flow, and the
effects of regional tectonics. Seismic multi-channel and echosounder data (Parasound) are
compared to published single channel seismic and deep-tow data (DTAGS) across a coring
site, where massive gas hydrates were sampled. The seismic signatures of both depositional
structures and gas hydrates at or close to the seafloor are different for the different seismic
systems, depending on source type, frequency range, and lateral and vertical resolution.
The sediment echosounder Parasound (4 kHz) provides lowest depth penetration but the
highest resolution within the uppermost 50-200 m of the sediment section. Due to the narrow
beam angle of 4°, diffraction hyperbolae are mainly suppressed and the system
compensates for heave, pitch, and roll. Preliminary ImageFlux records in the vicinity of the
hydrate site reveal a vertical blanking zone, which can be traced up to the seafloor. The site
appears to be located on top of a ridge of accreted sediments covered by hemipelagic
sediments several tens of meters thick. Diffraction at the edges of the blanking zone is not
much pronounced and a sharp cut-off of reflectors is observed. Since SO 111 data indicate
that the permeability of accreted sediments is sufficiently high to allow for vertical transport of
large volumes of methane, and since hydrates were sampled at the top of the blanking zone,
it is suggested that, at this site, massive gas hydrates or sediments hosting gas hydrates do
not reveal coherent reflection energy and that there is no significant transition zone between
gas hydrates and hydrate free sediments. Assuming that the presence of gas hydrates is
coupled to vertical fluid flow, the data further suggest that fluid upflow at this site is focused
rather than diffuse. It is  expected that combining echosounder, swath-sounder, and seismic
data sets for a joint analysis and interpretation will potentially provide a unique opportunity to
understand hydrate forming processes as well as the required depositional framework in
greater detail.
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Seismic and hydro-acoustic constraints on sediment distribution, tectonics, and fluid
flow at the eastern Juan de Fuca Ridge flank

L. Zuehlsdorff, V. Spiess, F. Meier, T. Schwenk, A. Fisher, and M. Hutnak

At the eastern Juan de Fuca Ridge flank off the west coast of North America, large-scale
hydrothermal processes may transport large quantities of fluid and heat, even when direct
exchange of ocean water is diminished by a growing sediment cover of lower permeability.
The extent and effects of off-axis hydrothermal fluid migration is controlled by factors such as
heat distribution, permeability structure and basement topography, as well as sediment type,
sediment thickness and completeness of the sediment cover. However, nature and scale of
the flow are still only partially understood, and it is not yet known, how the fluid and thermal
budgets of this ridge flank system are balanced. Part of the problem is that fluid systems may
vary in space and time, and that spatial information as provided by 3D and 2.5D high
resolution seismic data is rarely available.
During two research cruises on the German R/V Sonne (1996, 2000), a large amount of
seismic and hydro-acoustic data was collected to image potential fluid pathways and local
tectonic structures in three dimensions. A Hydrosweep swath sounder, a narrow beam
Parasound echosounder, and a high resolution multichannel seismic system were used
simultaneously on all lines to provide a unique multi-frequency data set. Study areas
included basement outcrops in the Cascadia Basin and a sedimented basement ridge, where
fluid recharge or discharge was previously inferred from thermal or geochemical data.
A first useful and important output is a very detailed bathymetry map, which also includes
data from NOAA and the US-American RetroFlux cruise (2000). A combination of
bathymetric, echosounding, and seismic data suggests that incoming turbidites are
channeled by a series of parallel basement ridges and that acoustic properties of the
sediments partly depend on the location relative to the ridge crests. A grid of closely spaced
seismic lines is used to create a detailed basement map in the vicinity of ODP Leg 168 Sites
1026/1027. These data provide information about the tectonic and depositional framework
and precise quantitative constraints for thermal and fluid flow modeling. They may be used to
renew the discussion about the hydraulic controls of fluid venting and recharge at permeable
basement penetrators and will further improve the morphological background in one of the
key areas of a new drilling proposal.
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In Situ Measurement of Electrical Resistivity of Deep Sea Sediments: Results
From Cascadia Basin, Eastern Flank of Juan de Fuca Ridge.
Villinger, H. , Heesemann, B., Jansen, D., Pfender, M., Rosenberger, A.,

Spindeldreher, C.

The electrical properties of deep sea sediments are linked to other physical

properties through a series of empirical relationships. They allow the calculation of

thermal conductivity from porosity which is derived from electrical resistivity using

Archie's Law. In order to complement in situ thermal conductivity measurements

made with our violin-bow type heat probe, we designed and built a sensor which is

attached to the tip of our probe and allows to measure a continuous profile of

electrical resistivity - and therefore porosity and calculated thermal conductivity - as

the heat probe penetrates the seafloor. The operating principle of our sensor is

based on two identical 4-point electrode arrays arranged on the circumference of the

sensor tip and separated by 10 cm. They are mounted in an electrically insulating,

highly abrasion resistant plastic material. Both arrays are operated independently. A

DC constant power source delivering 10 mA is reversed with a frequency of 1000 Hz

to provide a 500 Hz alternating rectangular waveform current. The resulting signal at

the electrodes is measured in a time-multipexed fashion with a final frequency of 250

Hz. Data are digitized and stored on a hard drive under control of a Tattletale data

logger. Penetration is monitored by a pressure and acceleration sensor. The signal of

the latter is used to convert the recorded electrical signals from time to depth. We will

present results from multi-penetration measurements along profiles located at the

Eastern flank of the Juan de Fuca Ridge and also from a site on Cascadia Margin,

where on previous cruises Canadian colleagues cored gas hydrate bearing

sediments. The measurements were made during cruise SO-149 (fall 2000) on the

German research vessel SONNE. Our data show that we are able to measure high

resolution resistivity profiles over a depth range of 3 - 4 m which allow to characterize

the overall porosity of the sediments and to identify turbidite layers present

everywhere in Cascadia Basin. The calculated porosities are compared with existing

porosity data from the same area. The developed instrument worked very reliably

and delivered data of very good quality. Of course the sensor and its electronics can

also be used separately for spatially detailed geotechnical work in shallow water.
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Multi-Frequency Seismic Data in the Vicinity of a Gas Hydrate Site
at the Northern Cascadia Accretionary Prism

Lars Zühlsdorff(1)*, Volkhard Spiess(1), Tilmann Schwenk(1), Ross Chapman(2),
Michael Riedel(2), Roy Hyndman(2,3)

(1)Dept. of Geosciences, University of Bremen, P. O. Box 330440, 28334 Bremen, Germany
(2)University of Victoria, School of Earth and Ocean Sciences, P. O. Box 3055, Victoria, BC, Canada

(3)Geological Survey of Canada, Pacific Geoscience Centre, P. O. Box 6000, Sidney, BC, Canada

During two research cruises of the German R/V Sonne in 1996 and 2000 (Cruises SO 111 and SO 149
– ImageFlux), a dense grid of high resolution multi-channel seismic and hydro-acoustic lines was
collected at the northern Cascadia margin close to ODP Leg 146 Sites 889 and 890. Detailed images
of seafloor bathymetry provide information about sediment distribution, mass flow, and the effects of
regional tectonics. Multi-channel seismic and echosounder data (Parasound) are combined with
supplementary single channel seismic and deep-tow seismic data collected during two Canadian
cruises on R/V J. P. Tully (1997/1999). All data sets are compared near coring sites, where massive
gas hydrates were sampled. It turns out that the seismic signatures of both depositional structures and
gas hydrates at or close to the seafloor are different for the different seismic systems, depending on
source type, frequency range, and lateral and vertical resolution.
Mapping of BSR topography and BSR distribution on the basis of SO 111 seismic data indicated that
the permeability of accreted sediments is sufficiently high to allow for vertical transport of large
volumes of methane, whereas younger, stratified slope deposits act as hydraulic seals and inhibit
vertical flow, except where the seals fail along faults due to ongoing tectonic activity. Gas hydrate was
sampled where new seismic data reveal a vertical blanking zone within such stratified deposits. These
data suggest that, at this site, upflow of methane or methane bearing fluid is focused rather than
diffuse and massive gas hydrates or sediments hosting gas hydrates do not reveal coherent reflection
energy. It is expected that combining echosounder, swath-sounder, and seismic data sets for a joint
analysis and interpretation will provide a unique opportunity to understand hydrate forming processes
as well as the required depositional and tectonic framework in greater detail.

                                                          
* Corresponding author. E-mail: lzuehls@uni-bremen.de

1   Introduction

The common concentrations of organic matter in
marine sediments are probably insufficient to locally
generate the large volumes of methane needed for the
formation of significant amounts of hydrate (e.g.,
Claypool and Kaplan, 1974, Paull et al., 1994).
Alternatively, hydrates may form either through
dissociation of pre-existing hydrate if the base of the
stability field moves upward (e.g., Dillon and Paull,
1983; Kastner et al., 1995), or methane originating at
greater depth is transported by upward pore-fluid
migration (Hyndman and Davis, 1992). Even if the
effects of in situ production and upward migration of
methane on hydrate formation may also combine, some
kind of vertical fluid transport appears to be essential
(Paull et al., 1994; Gornitz and Fung, 1994).

The occurrence of gas hydrate, which is often
indicated by the presence of a bottom-simulating
reflector (BSR) in seismic data, may therefore be
diagnostic of fluid flow. On the other hand, the
distribution and nature of fluid flow as well as the
depositional and tectonic framework must be determined
in any study area before hydrate concentration and
distribution can be estimated and hydrate forming
processes can be studied in greater detail.

The problem is that the magnitude of fluid flow,
the modulation of flow rates over time, and the relative
importance of focused flow vs. diffuse flow are difficult
to determine (Suess et al, 1998). Upflow velocities along
faults were suggested to be two to three orders of
magnitude higher than dispersed flow through the
sediment (Moore at al., 1990), but dispersed flow,
accommodated by intergranular and small-scale fracture
permeability, leaks out over much smaller areas (e.g.,
Carson and Screaton, 1998). Furthermore, fluid
expulsion may be a transient process, probably coupled
to episodic fault displacement and to the earthquake
cycle (Moore and Vrolijk, 1992). Thus, very different
types of data as provided by ocean drilling, seafloor
sampling, and detailed geological, geochemical and
geophysical mapping are required to characterize a fluid
regime. Among others, seismic data can contribute well
to the investigation of fluid flow (e.g., Zühlsdorff et al.,
1999; 2000).

In the vicinity of Ocean Drilling Program (ODP)
Leg 146 Sites 889 and 890 at the northern Cascadia
margin, the absence of major thrust faults, as well as the
lack of major thermal anomalies, suggest mainly diffuse
dewatering hosted by intergranular permeability (e.g.,
Hyndman and Davis, 1992; Kastner et al., 1995). In
addition, seismic results from the German R/V Sonne
Cruise SO 111 (1996) indicate that the diffuse seepage is



superimposed by different types of confined fluid release
(Zühlsdorff et al., 2000). During a second research cruise
(Cruise SO149 – ImageFlux) in August/September 2000,
a dense grid of echosounder (Parasound), swath-sounder
(Hydrosweep) and high resolution multi-channel seismic
lines was collected in order to understand processes like
dewatering and hydrate formation as well as their
relation to local tectonics and sediment deposition in
greater detail. A 3D multi-frequency seismic survey was
carried out in the vicinity of coring sites, where massive
gas hydrates were sampled. First results of this survey
are presented in this paper.

2   Study Area

At the northern Cascadia accretionary prism off
Vancouver Island, Canada, tectonic loading rather than
tectonic compression may be the most important factor
controlling excess pore pressure generation and fluid
migration (e.g., Hyndman and Davis, 1992). More than 3
km of Cascadia Basin sediment is almost completely
scraped off the downgoing Juan de Fuca Plate, and one
consequence of this tectonic thickening is rapid porosity
loss with depth, associated with the expulsion of large
volumes of fluids (e.g., Davis et al., 1990).

All seismic data presented in this study were
collected in a small area on a gently undulating plateau,
where the pervasively fractured and folded material of
the accretionary wedge locally crops out and is elsewhere
covered by a veneer of stratified slope sediments (Fig. 1,
2). They appear to consist predominantly of turbidites
and hemipelagic deposits (Shipboard Scientific Party,
1994). Coverage of ImageFlux swath-sounder data in the
vicinity of the northern ODP Leg 146 drill sites is almost
complete and detailed images of seafloor bathymetry
provide information about sediment distribution, mass
flow, and the effects of regional tectonics (Fig. 1).
Sediment distribution appears to be controlled by several
channels, and there may also be some sediment transport
parallel to the slope. Echosounding and seismic data
show that the gas hydrate coring sites are located on top
of a ridge of accreted sediments covered by hemipelagic
material several tens of meters thick. A steep escarpment
to the west separates the plateau from the lower slope
(Fig. 1).

3   Data Acquisition

A wide variety of seismic surveys has already
been carried out at the northern Cascadia margin. In this
section, only data sets are described which are presented
in this paper. Most of these data were collected during
two cruises on the German R/V Sonne and are
supplemented by data collected on the Canadian R/V J.
P. Tully.

The basic approach during R/V Sonne Cruises SO
111 (Villinger et al., 1996) and SO 149 – ImageFlux
(Spieß et al., 2001) was to combine single-channel or
multi-channel seismic data with hydro-acoustic records
and to use different seismic sources in an alternating
mode in order to provide a complete multi-frequency
data set, which images each depth level down below
BSR depth at optimum resolution.

Single-channel seismic (SCS) data were collected
during Cruise SO 111 using a GI-Gun with 0.7 L main
chamber volume and 1.7 L secondary chamber volume
(GI-Gun #1, 50-150 Hz). All 16 hydrophone groups of a
100-m-long Teledyne streamer were stacked.

Multi-channel seismic (MCS) data presented here
were collected during Cruise SO 149, using a 600-m-
long Syntron streamer, equipped with separately
programmable hydrophone subgroups, which were
optimized for the given water depth of >1100 m using 48
groups at a length of 6.25 m. Six remotely controlled
birds kept the streamer depth within a range of 1 m, and
magnetic compass readings allowed determination of the
position of each streamer group relative to the ship's
course. A GI-Gun with 2 x 0.4 L chamber volume (GI-
Gun #2, 100-500 Hz) and a Sodera water gun (200-1600
Hz) were used in an alternating mode along all seismic
lines.

During both R/V Sonne cruises, hydroacoustic
systems were used simultaneously on each seismic line.
The sediment echosounder Parasound (4 kHz) provides
lowest depth penetration but the highest resolution within
the uppermost 50-200 m of the sediment section. Due to
the narrow beam angle of 4°, diffraction hyperbolas are
mainly suppressed. As for the Parasound echosounder,
the Hydrosweep transducers are hull-mounted and both
systems compensate for heave, pitch, and roll. The
Hydrosweep multi-beam swath-sounder was used to map
the seafloor bathymetry as displayed in Figure 1.

Deep tow seismic data were collected during a
R/V J. P. Tully cruise in 1997 (Gettrust et al., 1999),
using the Deep-Tow Acoustics/Geophysics System
(DTAGS). The system consisted of a Helmholtz
transducer source emitting a chirp-like sweep signal
(250-650 Hz) and a 600-m-long streamer with two
subarrays containing 24 hydrophone groups each
(Gettrust and Ross, 1990). A synthetic sweep was used
for crosscorrelation and only near offset traces were used
for the stack presented here.

Additional singe-channel seismic data were
collected during a 1999 cruise of R/V J. P. Tully (e.g,
Riedel et al., 2001), using a single airgun with 0.65 L
chamber volume and a wave shape kit (20-180 Hz). All
50 hydrophones of a 25-m-long Teledyne streamer were
stacked.

4   Seismic Indicators for Fluid Upflow

The single-channel seismic line in Figure 2 shows
the pervasively fractured and folded material of the
accretionary wedge, which is characterized by the lack of
coherent reflection energy, and which locally crops out
through the cover of younger and stratified slope
sediments. A clear BSR is considered to mark the base of
the gas hydrate stability field. The BSR appears to be
discontinuous and not to be present within the basins of
stratified sediments. Possibly the BSR may just be
obscured by the reflections of the turbidites, however,
since the BSR is of chemical nature and not related to the
layering, it should at least be visible wherever other
reflectors are inclined with respect to the seafloor. This is
neither the case in Figure 2 nor at most places where the
basins of stratified sediments are deeper than the BSR.

Parasound data as displayed in the upper panel of
Figure 2 were collected simultaneously on all seismic
lines and reveal up to 8 m thick zones of high reflectivity
at or directly beneath the seafloor. These zones are also
discontinuous, they are thicker than the commonly
observed layers, and they do not reveal a sharp base.

A detailed comparison between all Parasound and
single-channel seismic data suggests that high seafloor
reflectivity appears only in the vicinity of sedimentary
basins whereas the BSR is associated with the fractured
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sediments of the accretionary prism, i.e. in most cases
both features are mutually exclusive (Zühlsdorff et al.,
2000). To explain this observation, we suggest that the
basins of stratified deposits act as hydraulic seals, and
that the seafloor crusts are created due to local focused
upflow of methane-bearing fluid where the seals fail
along faults due to ongoing tectonic activity. Thus, the
crusts may be carbonate pavements or even hydrate close
to the seafloor. Where no permeable faults are present,
the stratified deposits appear to inhibit vertical flow and
prevent the formation of a BSR. This interpretation
implies that some kind of vertical fluid transport is
assumed to be essential for the formation of gas hydrate
since very large volumes of gas are required. If this
assumption is true, the BSR is diagnostic of fluid flow
and provides some information about differences in
vertical permeability between the folded and fractured
wedge material and the younger slope sediments.

A second example on how a feature of the BSR
may be an indicator for vertical fluid flow is given in
Figure 3. Single-channel seismic data with leveled first
arrivals show the stratified basin deposits and a structural
disturbance of the sediment section. The seafloor
topography is given in the corresponding Parasound
section, which also shows pavements in the vicinity of
the structural disturbance. The BSR is visible below the
basin deposits and is locally elevated.

One possible and probably the most likely
explanation for the BSR elevation is a very local upflow
of warm fluids, which increases the temperature gradient
and rises the isotherm imaged by the BSR (e.g.,
Zühlsdorff et al., 2000). If this interpretation is correct,
the focused pore water expulsion may be directly related
to carbonate precipitation or hydrate forming close to the
seafloor.

5   Observations at the Gas Hydrate Site

During ImageFlux, a small 3D seismic survey was
carried out with the gas hydrate coring sites at its center.
A part of one single line across the coring site is given in
Figure 4, showing a comparison of ImageFlux data
(Parasound, water gun, GI-Gun #2) and supplementary
R/V J. P. Tully data (DTAGS, airgun). A number of
narrow, vertical blank zones can be observed in all data
sets of different source type. Massive gas hydrate was
sampled at Blank Zone 1 (Riedel et al., 2001).

However, if details are considered, the seismic
signature of Blank Zone 1 is different for different source
type and resolution. This leads to a number of questions,
which will be discussed below.

The MCS data (Fig. 4b) can be displayed with
higher trace density and show higher signal/noise (S/N)
ratio as well as slightly deeper penetration than SCS data,
which helps to distinguish between accreted sediments
and stratified slope deposits. Furthermore, diffraction
hyperbolas are more pronounced in MCS data and are
visible along Blank Zone 1 down to greater depths. On
the other hand, MCS data do not show rims of higher
reflection amplitudes at the edges of Blank Zone 1 as
observed in SCS data (Fig. 4a).

Migrated MCS data (Fig. 4c) indicate that the
diffraction hyperbolas may be related to structural
disturbances, which are strong close to the seafloor and
less pronounced at greater depth. However, it is not clear
whether the migration in the vicinity of the blank zones
is reliable, or, in other words, how reliable the velocity
model in the vicinity of these zones really is. If there is

hydrate, the velocity should be locally higher, and then
part of the apparent disturbance of the sediments may
just be a velocity pull-up. If the blanking is due to free
gas, the velocity may also be locally reduced if the
amount of gas is sufficiently high. So one of the major
questions is about the main cause of the blanking.

Although reflectors can be traced through Blank
Zone 1 in MCS data, which even show higher amplitudes
in the center of the zone, almost no reflection energy is
observed in Parasound data (Fig. 4f). There are also no
high amplitude rims at the edges of the zone as observed
in SCS data. Maybe the rims in SCS data are due to
interference with diffraction hyperbolas created within
the zone. If the blanking is complete for Parasound data,
no such hyperbolas are expected. On the other hand, if
the edges of the zones are sharp boundaries as suggested
by Parasound data, Parasound hyperbolas should be
created at least at these edges.

A general observation is that lateral amplitude
variations at the blank zones are more pronounced for
data of increasing bandwidth and higher resolution.
Water gun data (Fig. 4e) and DTAGS data (Fig. 4d) both
show the blanking more clearly than the GI-Gun and
airgun data discussed above. In DTAGS data, different
groups of reflectors can be clearly distinguished, e.g. a
high amplitude layer close to the surface, which is also
present in water gun and Parasound data. On the other
hand, there is more reflection energy within the deeper
parts of the sediment section in water gun data revealing
some continuous reflectors crossing the blank zones.
Both data sets are partly characterized by their technical
parameters, e.g. small Fresnel zones for the deep-towed
seismic data and higher trace density and signal energy
due to binning and stacking of water gun data. By CDP
processing of DTAGS data as well as by refinements of
static corrections and deconvolution of water gun data,
both seismic images have the potential to be further
improved. However, it is expected that the seismic
signatures may still remain slightly different, even
though the bandwidth created by the sources is
comparable.

6   Conclusions

If active fluid transport is required to form a BSR,
some characteristics of the BSR may be used to reveal
information about the regional distribution of
permeability. Since a clear BSR is present, diffuse fluid
migration is inferred for the pervasively fractured
sediments of the accretionary wedge. In contrast, low-
permeable bedded deposits appear to inhibit vertical flow
and a BSR may only form below bedded deposits or in
the vicinity of faults, where gas is locally provided at
sufficient rates. An elevation of the BSR is interpreted as
a local disturbance of the thermal gradient, which is
related to an increase in hydraulic conductivity within
tectonically deformed sediments and a subsequent guided
rise of warm fluids. Thus, the generally diffuse seepage
of fluids within the study area is superimposed by events
of confined fluid release.

Since massive gas hydrates were sampled at the
top of Blank Zone 1, fluid upflow at this site also appears
focused rather than diffuse, assuming that the presence of
gas hydrate is coupled to vertical fluid flow. If the
seismic blanking within Blank Zone 1 is related to the
presence of gas hydrate or free gas, then there is no
significant transition zone between the blank zone and
hydrate or gas free sediments. However, although



BSR

1.6

1.7

1.8

1.9

2.0

2.1

150 175 200 225 250 275 300 325 350 375 400 425 450 475 500
CDP

c) MCS, GI-Gun (migration)
100-500 Hz

b) MCS, GI-Gun (stack)
100-500 Hz

a) SCS, airgun (stack)
20-180 Hz

500 m

500 m

500 m

1.6-

1.7-

1.8-

1.9-

2.0-

2.1-

NW SE4 3 2 1

1.7-

1.8-

1.9-

2.0-
500 md) DTAGS (stack)

250-650 Hz

1.7

1.8

1.9

2.0

150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525
CDP

500 me) MCS, water gun (stack)
200-1600 Hz

500 mf) Parasound
4000 Hz

Fig. 4 Comparison of ImageFlux data (Parasound, water gun, GI-Gun #2)
and R/V J. P. Tully data (DTAGS, airgun). Massive gas hydrate was
sampled at Blank Zone 1. a) stacked SCS airgun data, b) stacked MCS GI-
Gun data, c) migrated MCS GI-Gun data, d) stacked DTAGS deep-tow
data, e) stacked MCS water gun data, and f) Parasound narrow beam echo-
sounding data.



hydrate was sampled, it is still difficult to conclude
which kind of seismic signatures are to be expected from
massive gas hydrate or sediments hosting gas hydrate.
One of the reasons is that the seismic signature is
different for different source type and resolution, at least
if details are considered.

7   Remaining Questions

- How are processes like mass flow, sediment
distribution, fluid flow, and regional tectonics
related to lateral variations in seismic reflection
amplitudes?

- What is the nature of pavements causing high
reflectivity at or close to the seafloor?

- What are the main reasons for the frequency-
dependent decrease in reflection amplitudes in the
vicinity of the gas hydrate site?

Possible approaches to answer these questions
may include careful velocity analysis and 3D processing,
a careful areal mapping of seismic features, and
amplidude versus offset (AVO) analysis. Furthermore,
modeling the impact of free gas and gas hydrate on
seismic impedance contrasts and attenuation may help to
understand possible causes for lateral amplitude
variations. Since seismic signatures are different for
different source type, frequency range, and lateral and
vertical resolution, only an integrated interpretation of all
data sets is expected to give insight into what exactly is
going on at this gas hydrate site.
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Imaging potential fluid upflow zones within a high resolution 3D seismic data set at
the eastern flank of the Juan de Fuca Ridge

L. Zühlsdorff, V. Spieß

At the eastern flank of the Juan de Fuca Ridge, quite extensive studies of hydrothermally
driven fluid circulation have been carried out and large amounts of data from surveying,
sampling and drilling were collected, but the nature of fluid flow, recharge, and venting
through oceanic sediments and basement is still only partly understood. Part of the problem
is that fluid systems may vary in space and time, and that 2.5D or 3D high resolution seismic
data would be required to identify potential pathways for fluid flow, which are rarely available.
Geochemical data from previous cruises show evidence for fluid discharge along a
sedimented basement ridge ('First Ridge'). The extent and effects of hydrothermal fluid
migration in this area are controlled by factors such as heat distribution, permeability
structure, sediment thickness, completeness of sediment cover, and basement topography.
High resolution seismic data revealed narrow zones of decreased reflection amplitudes,
where the sediment cover is thin and basement elevation is pronounced. The amplitude
decrease was shown to be due to a local increase of porosity and permeability. It was thus
suggested, that zones of decreased reflection amplitudes can be considered as potential
pathways for vertical fluid flow.
During R/V Sonne Cruise SO 149 in August/September 2000, a high resolution seismic
survey was carried out to image potential fluid pathways and local tectonic structures in three
dimensions and to be able to examine the correlation between seismic anomalies, fluid flow,
and sediment physical properties in greater detail. In the central part of the study area (grid
size 2.3 x 6.4 km), seismic line spacing was as small as 25 m, such that trace interpolation
could be avoided during processing for the given maximum seafloor inclination and a GI-Gun
source frequency range of 100-500 Hz.
Processing reveals a very detailed basement map and 3D images of seismic reflectivity
anomalies, which show a more complex pattern than it was expected from previous data.
This suggests that topographically controlled sediment distribution, which is associated with
a lithological change on the ridge crest but should be variable on larger scales only, is not the
main reason for the presence of narrow high porosity zones. We therefore suggest that these
anomalies are related to active or ceased focused hydrothermal fluid flow. If this assumption
is true, geophysical tools in this setting can be used to map out fluid seepage. The final goal
will then be to estimate the volumes of sediment and pore space that host the flow.
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Sedimentation Patterns, Forced Folding and Fluid Upflow Above a Buried Basement
Ridge – Results From a High Resolution Seismic 3D Survey

L. Zühlsdorff, V. Spieß

During the German R/V Sonne Cruise SO 149 (2000), a high resolution 3D seismic data set
was collected at the eastern flank of the Juan de Fuca Ridge off the west coast of North
America. On the basis of this data set, a consistent layer model could be developed for the
unusual complex stratigraphic pattern at and around a sediment buried basement elevation
called First Ridge. This basement ridge acted and acts as an obstruction for incoming
turbidites, however, the effect exerted by bathymetry on the flow of turbiditic particle clouds
decreased as the adjacent sedimentary basins filled up. Subsequent major turbiditic events
affected the whole area including the top of First Ridge.
Hydrothermally driven fluid upflow above First Ridge appears to be focused by narrow high
porosity zones, which are observed above equally narrow pronounced basement peaks. The
higher porosity can be explained by forced folds developing an extensional strain field
throughout the sediment column. The forced folds may either be the result of fault movement
within the basement or related to fault processes within the sediment cover itself. Yet forced
folds and high porosity do not necessarily mean detectable fluid flow. 3D seismic data rather
provide information about the development and distribution of a potential plumbing system
and thus an understanding of the nature of the flow. One implication is that the contribution of
fluids discharging at First Ridge does not balance the in-going and out-coming fluid budget at
the eastern flank of the Juan de Fuca Ridge.
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Observations and Results:

- Basement ridges produce barriers to terrigeneous
turbidite sediments, which are distributed through
channels (see channel-levee structures in Figures
SR5 and SO3 and the sediment body trapped
between two merging ridges in Fig. FR3)

- Sedimentation rates and sediment sources are
different for areas between different basement ridges
(compare sediment thickness in Figs SR4 and FR2,
e.g. between 0.22 and 0.28 Ma)

- The age of the base of some major channels observed
throughout the basin is appx. 0.28 Ma (Figs SR4, FR2)

- Differences in seismic signature on topographic
highs are confined to narrow zones and are only
partly explained by topographic control of
sediment distribution (Fig. FR4, )

- Faults show evidence for off-axis tectonic crustal
reorganization (Figs SR4, FR2)

- Growth fault propagation at Second Ridge ceased
appx. 0.28 Ma ago whereas tectonic activity at First
Ridge was more recent (Figs SR4, FR2)

- A significant change in basement structure is
observed between Second Ridge (rough, with parallel
ridges, Fig. SR3) and the Southern Outcrops (smooth,
but local outcrops are more pronounced, Fig. SO1)

- Seismic washout zones at First Ridge (Fig. FR4) may
be associated with fluid upflow (as observed at
ODP Leg 168 Sites 1030 and 1031)

- Since independent evidence indicates that the Bares
may either be recharging (Grizzly) or discharging (Baby)
( ), knowledge of basement topography
and sediment thickness is not sufficient to fully elucidate
the nature of the flow (compare Figs SR2, SR3, SO1)

- Further investigating the nature of large-scale transport
of fluid, matter and heat through the crust is one center
piece of a new ODP drilling proposal (Fisher et al.,
proposed sites are denoted by stars in Figs SR3b, FR1)

Sedimentation:

Tectonics and volcanism:

Fluid flow:

Spinelli et al., OS42A

Hutnak et al., S21A
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photoreceptor, the conductor Fermi level, the barrier height, and
the position of the semiconductor conduction band edges, (2) the
ballistic mean free path of electrons, and (3) the physical and
electronic coupling of the chromophore to the conductor for
high absorbance and high electron transfer efficiency. The devices
studied here represent only one of several different configurations of
photovoltaics taking advantage of ballistic electron transport and
internal electron emission in a photovoltaic device. For example,
modifications of the structure to utilize hot hole injection (rather
than hot electrons) in a p-type junction9 would allow use of hole
conducting polymers instead of inorganic semiconductors.

The IPCE and overall energy efficiency are limited by low dye
coverage (8 £ 1014 molecules cm22) and the resulting low photon
absorption. Significant increases are expected with improved opti-
cal design (reduced surface reflection), decreased metal thickness,
increased dye loading, and an engineered surface morphology with
significantly higher surface area structured such that multiple passes
through a dye-covered surface are possible for each photon.
Although the ultimate efficiency of an optimized device based on
the concept presented here is approximately the same as an ideal
conventional semiconductor cell, there appear to be practical and
economic advantages in terms of the wide choice of inexpensive,
durable, and readily synthesized device materials that may be
utilized. A

Methods
Device fabrication
Devices were fabricated on titanium foil substrates (Alfa Aesar), which served as ohmic
back contacts. A 250-nm layer of titanium (99.9999%) was evaporated under vacuum
onto the foil following cleaning and polishing (using 10 mm grit). A 200-nm layer of TiO2

was grown on the substrate by thermal oxidation at 500 8C. The polycrystalline TiO2 is
predominately rutile phase, with oxygen vacancies giving rise to n-type doping. Au films
were electrodeposited onto the TiO2 from a solution containing 0.2 M KCN and 0.1 M
AuCN at pH 14. The TiO2 served as the working electrode, with a Pt wire counter
electrode. A 100-ms galvanostatic pulse at 2200 mA cm22 was used to nucleate Au
uniformly on the surface, followed by a periodic galvanostatic pulse train of 5 ms at
þ0.2 mA cm22 and 5 ms at 21.7 mA cm22 for 10 s to form a film ,10–50 nm thick.
Photoactive merbromin (2,7-dibromo-5-(hydroxymercurio)fluorescein disodium salt,
5 mM in water) was adsorbed onto the surface by immersion at room temperature for
10–12 h, followed by rinsing in water.

Characterization
Current –voltage (I–V) curves were measured using a voltage ramp rate of 0.05 V s21 in the
dark and under illumination from a 250-W tungsten lamp (Oriel, 6129), with intensity
measured using a radiometer (IL1700, International Light). The fill factor was calculated
at 1,000 Wm22 by dividing the maximum product of current and voltage from the
illuminated I–V curve by the product of open-circuit voltage and short-circuit current at
the same illumination. The spectral response was determined using a 150-W Xe lamp and
monochromator (Oriel 7240). IPCE was calculated from the current density under short-
circuit conditions and the photon flux as measured by the radiometer. The optical
absorbance (and absorption efficiency, hg(1g)) of the dye on the device surface and dye
photon absorption was determined from the transmission and reflectance of a device
fabricated on a transparent substrate before and after application of the dye, using an
integrating sphere (LabSphere) and fibre-optic coupled monochromator (Ocean Optics).
Free-solution dye absorbance was measured with an optical spectrometer (UV-1610,
Shimadzu). Dye loading was determined by detaching the dye from the activated device
surface in 1 mM NaOH solution, and determining the amount removed from the
difference in optical absorbance at 511 nm of the NaOH solution.
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Hydrothermal circulation within the sea floor, through litho-
sphere older than one million years (Myr), is responsible for 30%
of the energy released from plate cooling, and for 70% of the
global heat flow anomaly (the difference between observed
thermal output and that predicted by conductive cooling
models)1,2. Hydrothermal fluids remove significant amounts of
heat from the oceanic lithosphere for plates typically up to about
65 Myr old3,4. But in view of the relatively impermeable sedi-
ments that cover most ridge flanks5, it has been difficult to
explain how these fluids transport heat from the crust to the
ocean. Here we present results of swath mapping, heat flow,
geochemistry and seismic surveys from the young eastern flank
of the Juan de Fuca ridge, which show that isolated basement
outcrops penetrating through thick sediments guide hydrother-
mal discharge and recharge between sites separated by more than
50 km. Our analyses reveal distinct thermal patterns at the sea
floor adjacent to recharging and discharging outcrops. We find
that such a circulation through basement outcrops can be
sustained in a setting of pressure differences and crustal proper-
ties as reported in independent observations and modelling
studies.

Hydrothermal circulation on ridge flanks (crust older than
1 Myr) advects lithospheric heat from much of the sea floor,
contributing to enormous fluxes of fluid, energy and solutes1,6,7. It
is easy for fluid to enter and leave the crustal reservoir on most
young sea floor, where sediment cover is incomplete and permeable
basement rocks are widely exposed, but mechanisms by which fluids
penetrate through thick and more continuous sediments have
remained enigmatic5. The primary difficulty is that forces available
to drive hydrothermal circulation on ridge flanks are modest7–10,
being limited mainly to the difference in fluid pressures below
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columns of recharging (cool) and discharging (warm) fluid. Sedi-
ment permeabilities are typically so low that even a few tens of
metres of sediment cover will reduce seepage to rates that are
incapable of liberating significant quantities of lithospheric heat7,8.
Even sites located below areas of relatively rapid sedimentation may
lose a considerable fraction of their heat advectively11, but it has not
been shown previously how hydrothermal fluids move across the
thick sediment layer at rates sufficiently rapid to efficiently cool the
oceanic crust over vast areas.

Ocean Drilling Program (ODP) Leg 168 investigated ridge-flank
hydrothermal processes along an 80-km transect of sites east of the
Juan de Fuca ridge12 (Fig. 1a). Sediment cover over basement in this
area is almost continuous at distances .20 km from the active
spreading centre because of proximity to North America, a source
for turbidites during Pleistocene glacial maxima. Pore fluids col-
lected from just above basement along this transect12, and recovered
from an overpressured hole at Site 1026 that penetrated a buried
basement ridge below 250 m of sediment13 (Fig. 1b), were analysed
for composition and 14C age14. There is a general progression in
fluid evolution along the western part of the drilling transect, as

reaction temperatures rise, and 14C ages increase from 1.0 to 9.9
thousand years (kyr) (relative to present bottom water) at distances
of 3.3 to 14.6 km from the point of sediment onlap, respectively
(Fig. 1a). But fluids collected from Site 1026 at the eastern end of the
transect have a 14C age of only 4.3 kyr, indicating that these waters
could not have recharged near the western end of the drilling
transect.

Swath map coverage of the region is extensive (Fig. 1b), and there
are no known outcrops between exposed basement close to the
spreading centre and Site 1026 that could have permitted recharge
of younger water. There are several basaltic outcrops near Site 1026
(Fig. 1b) that are known sites of hydrothermal discharge15–17. The
Baby Bare outcrop has been surveyed by surface ship, submersible,
and remotely operated vehicle, and numerous vent sites have been
located16,18. Baby Bare heat output is 2–20 MW, and the discharge
flux of hydrothermal fluid is 4–13 l s21 (refs 16, 19). Although Baby
Bare rises just 65 m above the surrounding sea floor (Fig. 1c), the
basaltic edifice is substantial, rising 600 m above regional basement
(Fig. 2a).

Co-located heat-flow and seismic measurements across Baby

 

Figure 1 Maps of field area on the eastern flank of Juan de Fuca ridge, and selected

geochemical data collected during ODP Leg 16812. a, Regional index map showing

spreading ridges (red) and subduction zone (purple). NA, North America. Thick black line

is Leg 168 transect. Inset, Mg concentrations and 14C ages from upper basement pore

fluids14. b, Swath map bathymetry showing locations of outcrops and ODP Site 1026

(star). Dashed red line indicates buried basement ridge, subparallel to spreading centre to

the west, that runs between several outcrops and ODP Site 1026. c, Bathymetric detail

around Baby Bare outcrop, showing locations of seismic profiles (black lines) and heat-

flow measurements (red dots). Seismic profile GEOB00-198 (solid line) is shown in Fig. 2a.

d, Bathymetric detail around Grizzly Bare outcrop. Symbols as in c. Seismic profile

GEOB00-176 is shown in Fig. 2b.
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Bare illustrate the local influence of fluid venting on the thermal
state of the crust (Fig. 2a). Heat flow away from the outcrop is
consistent with conductive cooling models for sea floor of this age,
after correcting for sedimentation20. Heat flow is considerably
greater within a few hundred metres of the outcrop, rising above
1 Wm22. We have calculated isotherm depths near the outcrop by
continuing sea-floor heat-flow values downwards to upper base-
ment, on the basis of thermal and seismic data (Fig. 2a). Isotherms
are generally subparallel to the sediment–basement interface until
very close to the outcrop, with an upper basement temperature of
about 65 8C, near that measured at Site 102613. The rise in heat flow
near the outcrop results from maintenance of nearly isothermal
basement temperatures as sediment thins, indicating extremely
vigorous local circulation.

Fluid seepage downwards through sediments near Baby Bare
outcrop cannot recharge warm springs discharging on this feature.
The youthful 14C age of shallow basement fluids14 would require a
recharge velocity of at least 10 cm yr21, given typical sediment
thickness. Geochemical analyses of pore fluids collected well away
from basement highs in this area indicate diffusive and reactive
conditions throughout the thick sediment layer, with no evidence
for vertical advection12,21. These analyses are sensitive to fluid
velocities $0.1 mm yr21, and thus an area of 1,500 km2 around
Baby Bare outcrop (a radial distance of 22 km) would be required to
support discharge of 5 l s21. Even assuming a recharge velocity of
0.1 mm yr21, sediment properties8,12 would require a much greater
differential pressure than observed regionally8,9,22 to draw bottom
sea water downward through the sediment layer and into basement.

Sulphate compositions of Baby Bare vent fluids require recharge
through basaltic outcrops21. There is no thermal or geochemical
evidence for hydrothermal recharge through outcrops close to Baby
Bare, but a consistent trend in the composition of basement pore

fluids from south to north along the buried basement ridge below
Baby Bare and Site 102623 indicates that recharge may occur to the
south. We investigated the hydrogeology of the two closest outcrops
south of Baby Bare. Heat-flow observations around the Grinnin’
Bare outcrop, 35 km southwest of Baby Bare (Fig. 1b), are also
indicative of fluid venting, but the Grizzly Bare outcrop, 52 km
south-southwest of Baby Bare, hosts a contrasting thermal regime

Figure 2 Heat-flow values, isotherms and seismic profiles across the Baby Bare and

Grizzly Bare outcrops. Heat-flow values are those that are not on the outcrops and are

within 100 m of the seismic lines. Typical sediment thickness away from the outcrops is

about 500 m. Heat-flow values away from the outcrops are consistent with conductive

cooling models for 3.5-Myr-old sea floor, after correcting for sedimentation20, and upper

basement temperatures are about 65 8C. a, Isotherms are subparallel to the sediment–

basement interface in the vicinity of the Baby Bare outcrop, rising with basement abruptly

near the outcrop. Isotherm locations are approximate, being based on the assumption of

locally conductive conditions. b, Heat flow decreases near the edge of Grizzly Bare

outcrop, and basement temperatures remain depressed out to a distance of several

kilometres from the area of basement exposure. Local variations in heat flow—for

example, the single elevated value adjacent to the northwest side of Grizzly Bare

outcrop—are likely to result from irregularities in aquifer geometry and properties, and are

most common where sediment cover is thin.

Figure 3 Calculated pressures available to drive large-scale lateral fluid flow, thermal

profiles within outcrops, and lateral bulk permeabilities within basement between

outcrops. a, Pressures available to drive large-scale lateral fluid flow within basement

between Grizzly Bare (recharge) and Baby Bare (discharge) outcrops, based on the

difference between pressures at the base of recharging and discharging columns of fluid.

Calculations were completed for discharge of 5 l s21, and for recharge of 5 l s21 (solid

line) and 50 l s21 (dashed line). The lower values in each case indicate results for fluid

circulation to the top of regional basement, and the higher values show results for flow at a

depth of 1 km below top of regional basement. Vertical permeabilities ,10212 m2 would

result in considerable energy being lost during ascent and descent, leaving less

differential pressure to drive lateral flow at depth. Shaded band indicates range of driving

pressures based on vertical permeability .10212 m2. Higher discharge values19 would

move the curves to the right, as indicated by the arrow, but would not change the pressure

available to drive large-scale, lateral flow. b, Vertical thermal profiles at recharge and

discharge sites were calculated using a one-dimensional model of heat and fluid flow24,

and volume fluxes of 5 l s21 (solid line) or 50 l s21 (dashed line). The calculated discharge

profiles are more isothermal than the recharge profiles because the fluid is assumed to

pass through a much smaller cross-sectional area at Baby Bare outcrop than at Grizzly

Bare outcrop. c, Lateral bulk permeability required between the outcrops as a function of

volume flow/area. Travel times and average linear velocities shown on upper axis are for

an effective porosity, ne, of 5%; higher or lower values would shift the upper axis as

indicated with the arrows. The actual fluid travel time between outcrops cannot be greater

than that the 14C age of 4.3 kyr (ref. 14), but considerably shorter times are indicated once

dispersive loss during flow is considered25–27.
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(Figs 1 and 2b). Heat flow away from Grizzly Bare is consistent with
crustal age, but values drop abruptly by 50% adjacent to the
outcrop. Isotherms within uppermost basement around Grizzly
Bare are suppressed relative to those at Baby Bare out to several
kilometres from the edge of basement exposure (Fig. 2b). These
observations indicate that recharge of cold sea water cools the
basement rocks. On the basis of geochemical observations14,23 and
a lack of other recharge or discharge sites between the two outcrops,
we infer that some of the water recharging Grizzly Bare flows north-
northeast and vents at the Baby Bare outcrop 52 km away.

To test whether this hydrogeologic interpretation is reasonable,
we quantify available forces and basement properties necessary to
drive fluid flow at rates consistent with observations (Fig. 3). In the
absence of recent volcanism18, driving forces responsible for large-
scale lateral flow on ridge flanks are limited to the difference in
pressure between recharging (cool) and discharging (warm) col-
umns of water9, DP¼ g

Ð z 0

0 DrðzÞdz; where g is the acceleration due
to gravity, Dr(z) is the difference in fluid density, and z is the height
of recharging and discharging water columns. We calculate the
pressure difference using a one-dimensional model of coupled heat
and fluid flow with fixed upper and lower boundary temperatures24,
2 8C and 65 8C, respectively. We use a hydrothermal discharge flux of
5 l s21 (ref. 16), and recharge fluxes of 5 l s21 and 50 l s21. The first
case presumes that all recharge at Grizzly Bare circulates to Baby
Bare, whereas the second case supposes that only 10% of recharge
follows that path (the rest venting elsewhere). We subtract the
energy lost during vertical flow, using Darcy’s law and assuming that
recharge and discharge are distributed evenly across the outcrop
surfaces. We make these calculations for various depths into base-
ment, and show results for two extreme cases: fluid flows laterally at
the top of regional basement (600 m below the sea floor), and fluid
flows laterally 1,000 m into regional basement (1,600 m below the
sea floor).

If vertical permeability within the two outcrops were #10213 m2,
all energy available to drive lateral flow would be lost during fluid
descent and ascent (Fig. 3a). At vertical permeabilities $10212 m2,
little energy is lost during fluid descent and ascent, and 80–300 kPa
could be available to drive lateral flow between the outcrops
(Fig. 3a). The 14C age of basement water from Site 1026 (4.3 kyr;
ref. 14), which is geochemically very similar to Baby Bare vent
fluids23, provides an upper limit for the travel time between Grizzly
Bare and Baby Bare. Studies of groundwater age demonstrate that
large corrections are needed to account for dispersive losses between
layers hosting the most significant flow and the stagnant layers
around them25–27. Particularly within heterogeneous, fractured
aquifers, corrections of the order of 10 to 100 times or more are
required. If the actual travel time between outcrops is 4.3 kyr (no
dispersive loss), and the driving pressure is 80–300 kPa, lateral bulk
permeability of $10212 m2 is required (Fig. 3c). If the dispersive
correction is 100 times, then bulk permeability would need to be
10210 m2 and the travel time between outcrops would be only about
40 yr (Fig. 3c).

Permeability values in upper basement of $10212 m2 were
determined by borehole measurements at Site 102613, and values
$10210 m2 were estimated on the basis of analysis of formation
tidal response and considerations of thermal homogeneity10,22. Thus
there is sufficient basement permeability and a large enough driving
force to allow water recharging at the Grizzly Bare outcrop to
discharge at the Baby Bare outcrop, 52 km to the north-northwest.
Bulk permeability may be enhanced in this direction (subparallel to
the spreading axis to the west) by faults and fractures in the crust
developed during and after crustal creation. Sea-floor heat-flow
values away from outcrops in the study area do not indicate a
significant regional heat-flow deficit, as observed on most young
ridge flanks3,4, so the fluid flux through upper basement must be
relatively modest. This is probably a result of the thick and mostly
continuous sediment cover that isolates much of the basement

aquifer from easy communication with the overlying ocean.
Seamounts and other basement outcrops are common features

on a global basis28,29, and the processes documented by this study
illustrate how hydrogeologic communication between the hydro-
thermal entry and exit points is possible over large distances. This
explains how much of the sea floor, which is typified by a greater
density of basement outcrops than found on the eastern Juan de
Fuca ridge flank, can experience pervasive advective heat loss even
while sealed locally below thick sediments. A
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 Forschung aktuell | Aus Naturwissenschaft und Technik 

6.2.2003

Ozeanische Fußbodenheizung 
US-amerikanische und deutsche Geologen untersuchen
Wasserzirkulation durch Erdkruste

Geologie. - Die Ozeane
haben so etwas wie eine
Fußbodenheizung. Das
haben US-amerikanische
und deutsche Geologen
jetzt eindeutig
nachgewiesen und in der
aktuellen Ausgabe von
„Nature“ veröffentlicht.

Das Ozeanwasser wird an Erhebungen in die
durchlässige Erdkruste eingesaugt, dort erwärmt
und an anderer Stelle wieder ausgestoßen. Die
Untersuchung stellt einen Beitrag zum Verständnis
des irdischen Wärmehaushalts dar. Mit dem
Co-Autor Lars Zühlsdorff vom Fachbereich
Geowissenschaften der Universität Bremen sprach
Gerd Pasch.

Pasch: Welches war Ihr Anteil?

Zühlsdorf: Wir hatten einige Vorabinformationen durch
frühere Expeditionen vorliegen, die uns zum Glück
geholfen haben. Wir kannten die Situation, dass sich das
Wasser relativ leicht durch die ozeanische Kruste
bewegen kann, aber sehr viel schwieriger durch die recht
wasserundurchlässigen Sedimente, die sich auf dieser
Kruste abgelagert haben. Wenn das Wasser also 
entweder raus aus der Kruste oder rein in die Kruste will,
dann muss es irgendwie durch diese Sedimentpakete
durch. Das geht am besten an Stellen, an denen die
durchlässige Kruste Berge bildet, die oben wie ein
Wasserleiter aus den Sedimente herausschaut. Und da
hier haben unsere amerikanische Kollegen ganz gezielt
und systematisch solch Krustenerhebungen untersucht
und haben dort mit thermischen Methoden
nachgewiesen, dass dort entweder Wasser austritt oder
Wasser eingesaugt wird. Und weil man für solche
thermischen Untersuchungen Informationen über die
Sedimentmächtigkeit braucht, und das genau die Art von
Informationen ist, die unsere Bremer Gruppe mit dem
Forschungsschiff "Sonne" liefern konnte, haben wir
natürlich dort zusammengearbeitet.

Pasch: Was haben Sie festgestellt?

Zühlsdorf: Wir haben festgestellt, dass es dort einen in
sich geschlossenen Wasserkreislauf gibt, und um diesen
am Laufen zu halten, braucht man im wesentlichen zwei
Dinge. Einerseits einen Durchgang, durch den sich das
Wasser bewegen lässt, und andererseits eine Kraft, die
die Bewegung antreibt. Und der Durchgang in diesem
Falle ist dadurch gegeben, dass die Kruste durchlässig
für Wasser ist, und an den Krustenbergen Wasser auch
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vertikal durch die Sediment transportiert werden kann.
Und die antreibende Kraft, die dazu nötig ist, entsteht
dadurch, dass das Wasser, das in einen dieser Berge
eindringt, kalt ist, und vor dem Austritt durch einen
anderen Berg in der Kruste aufgeheizt werden. Und somit
sind die Wassersäulen über diesen beiden Krustenbergen
unterschiedlich warm, und damit unterschiedlich schwer,
und dadurch ergibt sich dann letztendlich die
Druckdifferenz, die diesen Kühlkreislauf antreibt.

Pasch: Mit welchen Instrumenten haben sie das
festgestellt?

Zühlsdorf: Man kann verschiedenen Methoden
anwenden, um Fluidaufstieg oder eben Fluideindringen in
die Kruste nachzuweisen. Das eine sind chemische
Methoden, und in diesem Fall ist der Effekt so groß, dass
man das auch mit thermischen Methoden nachweisen
kann. Letztendlich haben die amerikanische Kollegen
gemessen, wie viel Wärmeenergie von der Kruste an
bestimmten Stellen abgegeben wird, und das ist eben
dort, wo das Wasser aus diesen Bergen herauskommt
mehr und an den Stellen, wo das kalte Wasser in die
Kruste eindringt, eben weniger. Und unser Beitrag dazu
war eben die Sedimentmächtigkeits-Information zu
liefern, die nötig ist, um diese Wärmedaten, die
gemessen wurden, auch interpretieren zu können. Weil
die eben sehr stark davon abhängen, wie die Topografie
der Kruste beschaffen ist.

Pasch: haben die Daten unerwartetes ergeben?

Zühlsdorf: Nein. Die Theorie war im Prinzip bekannt.
Was bisher nicht bekannt war, um diese Kühlungsprozess
erklären zu können, war die Information, wie das Wasser
eben schnell genug durch mächtige Sedimentpakete
gelangen kann, um eben zu diesem sehr effektiven
Kühlprozess über lange Strecken hinweg, durch Ein- und
Austrittsstellen, die eben durch weite Strecken 
voneinander entfernt sind, stattfinden lassen zu können.
Insofern ist das eher ein Beitrag, um den Wärmehaushalt
der Erde besser zu verstehen, aber nicht um Physik, die
dahintersteht, zu verstehen.

Pasch: Tritt das auch anderswo auf?

Zühlsdorf: Ja, das ist sogar sehr wahrscheinlich, denn
immerhin sind solche Krustenerhebungen, solche
Krustenberge überall im Ozean bekannt, sogar weitaus
mehr als es gerade hier vor der Westküste Kanadas ist,
dadurch kann es sich durchaus um einen weltweit
aktiven Prozess handeln, und ich würde auch vermuten,
dass das so ist.

DeutschlandRadio-Online ist nicht verantwortlich für die Inhalte externer Links.
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3D seismic characterization of a venting site reveals
compelling indications for natural hydraulic fracturing
L. Zühlsdorff
V. Spieß
Earth Sciences Department, Bremen University, Klagenfurterstraße, 28359 Bremen, Germany.

ABSTRACT
Based on a three-dimensional high resolution seismic survey off Vancouver

Island, Canada, we show that natural hydraulic fracturing is an efficient process

to create permeable pathways for focused fluid upflow at submarine venting

sites. The pockmark structure examined in this study is located on top of an

accreted ridge, where the gas hydrate bottom-simulating reflector, which acts as

a sub-bottom low-permeable boundary, is elevated, and tectonically induced

fluid overpressure is expected to be highest. Elongated hydraulic fractures are

oriented along the maximum principal stress direction, i.e. perpendicular to

some fault planes observed nearby, and are characterized by decreased

reflection amplitudes in 3D seismic data. Spatial analysis of seismic lines further

indicates that the surface expression of the pockmark, which is created by fluid

and material expulsion, is built preferably along the axis of the upflow zone to

form an irregular, non-circular rim. Our findings allow for the assumption of a

very plausible scenario, which relates lateral variations in seismic reflection

amplitude to sediment distribution, regional tectonics, episodic fluid flow, and

the formation and subsequent dissociation of methane hydrate. It further

explains the presence of methane hydrate at the top of the upflow zone, which

requires transport of large volumes of gas through the gas hydrate stability

zone. Since hydraulic fracturing is not restricted to compressional regimes, it is

a likely explanation for the nature, shape, and orientation of upflow zones as

well as for seismic blanking widely observed at both active and passive

continental margins.
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INTRODUCTION
The nature and timing of processes controlling upward fluid migration as well

as relations between pressure, fluids, gas hydrate, and the type of the plumbing

system are not yet well understood. Moreover, conceptual models explaining

the creation of pathways for focused fluid flow often remain unsatisfactory. Most

of these models suppose that faulting due to ongoing tectonic activity

temporarily opens conduits, although fault controlled fluid migration is not

always in agreement with geological or geophysical data. On the other hand,

the data base in such cases is rarely sufficient to provide support for alternative

mechanisms such as natural hydraulic fracturing. Elongated fractures and

cracks created by hydraulic fracturing are usually oriented parallel to the main

principal stress (Hubbert and Willis, 1957; Luo and Vasseur, 2002) and thus

provide information about the local stress field, but their lateral extent is limited

and vertical offsets between sedimentary structures are uncommon. Thus, even

if focused flow is assumed to be controlled by hydraulic fracturing, this

hypothesis usually is not evident if only conventional 2D seismic data are

available or the resolution of the data is not sufficient.

Here, we show compelling indications for natural hydraulic fracturing on the

basis of a high resolution 3D seismic survey, which was carried out at a gas

hydrate/pockmark site at the northern Cascadia accretionary prism. We relate

seismic features to fluid overpressure and the local stress field as well as to

focused upward fluid flow and its physical consequences in order to develop an

integrated conceptual model, which may help in understanding the fundamental

meaning of pockmarks, of zones of seismic amplitude blanking, and of the

formation and dissociation of methane hydrate in general.

INDICATIONS FOR FLUID FLOW
Seismic data can contribute well to the investigation of fluid flow if flow-

related processes either affect sediment structure, e.g. by creating faults and

fractures, or sediment physical properties, e.g. by changing porosity, which

influences density and seismic velocity (Bray and Karig, 1985; Minshull and
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White, 1989; Zühlsdorff et al., 1999; Waldner and Nur, 1984). Hydrocarbons like

methane may also impact seismic data, either as free gas bubbles, which

significantly attenuate seismic reflection energy (Wood et al., 2002), or as ice-

like structures known as gas hydrate, which form at appropriate temperature

and pressure conditions within sediment pore spaces and may strongly change

seismic reflection coefficients (Lee and Dillon, 2001).

The sub-bottom depth of the base of the gas hydrate stability zone is mainly

a function of temperature and approximately marks an isotherm. The associated

seismic signature is a bottom-simulating reflector (BSR), because the

corresponding isotherm generally follows the seafloor. However, if the

temperature gradient is locally increased, e.g. due to the focused rise of warm

fluids, the isotherm imaged by the BSR rises and the BSR my be locally

elevated or even interrupted (Minshull and White, 1989; Zühlsdorff et al., 2000).

Within the study area at the northern Cascadia accretionary prism (Fig. 1), the

base of solid hydrates is interpreted to exhibit significant roughness, and gas-

rich vertical intrusions appear to penetrate deeply into the hydrate stability field

(Wood et al., 2002). These intrusions are characterized by a strong decrease in

seismic reflection amplitudes. It was assumed that localized heat flux mediated

by advecting fluid creates a region within which methane hydrate dissociates

and releases gas, especially where the amplitude blanking is observed beneath

seafloor pockmarks (Wood et al., 2002). Video observations at the pockmark

studied here show typical characteristics of fluid venting, and massive gas

hydrate was sampled around that pockmark at depths of 3 to 8 meters below

the seafloor (Riedel et al., 2002).

SEISMIC OBSERVATIONS
Figure 1 shows the location of a high resolution seismic 3D grid as well as of

two crossing seismic 2D lines, which intersect at the location of the pockmark.

All seismic data were collected during R/V Sonne Cruise SO 149 (ImageFlux) in

August/September 2000 (Spieß et al., 2001). Details about data acquisition and

processing are given in the appendix.
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2D seismic data
The first 2D line (Fig. 2) was shot in inline direction of the seismic 3D grid but

exceeds its borders. The accretionary wedge is characterized by the lack of

coherent reflection amplitudes beneath a cover of younger and stratified slope

sediments. The BSR, which marks the base of the gas hydrate stability field,

appears to be discontinuous and disrupted, e.g. beneath the 400-m-wide

blanking zone, which is the site where gas hydrate was sampled at the seafloor

(Riedel et al., 2002). Stratified deposits between local highs of accreted

sediments show indications for recent tectonic deformation as well as for

relative motion between the sediment block including the blanking zone and the

deeper sediment troughs at its flanks. The second 2D line (Fig. 3) was shot in

crossline direction of the seismic 3D grid but is longer than its crossline extent.

Perpendicular to the expected direction of the main tectonic compression,

stratified deposits appear to be much less deformed than observed in inline

direction. Furthermore, the gas hydrate site reveals a structural disturbance of

the sediment column and a pockmark-like seafloor depression. It is intriguing

that both features are not observed in the perpendicular (inline) direction.

3D seismic data
3D data can be helpful to relate seismic features observed in 2D data to each

other and to put them into a spatial context. One way to do this is to analyze

time slices, i.e. horizontal cuts through the 3D data cube. The five time slices

shown in Figure 4 display average seismic energy, which is the square of

reflection strength averaged between instantaneous phase peaks, and which is

useful for mapping lateral changes within structural or stratigraphic units.

Whitish shades in Figure 4 indicate seismic amplitude blanking. The time slices

suggest that the blanking zone is about 500 m long and 100 m wide and

orientated approximately from NE to SW, only slightly oblique to the seismic

inlines of the 3D box. In the upper part of the sediment column, the blanking

zone appears to be split into two parts, since a second, roughly parallel aligned

element, which is about 200 m long and 80 m wide, is located to the NW of the
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main feature. At increasing travel time, shape, location and orientation of the

blanking zone do not change much on a 10 to 30 m vertical scale. However, the

length (but not the width) of the blanking zone increases with depth. It merges

with the local high of accreted sediments, which are also represented by whitish

shades of minimum average energy. The western part of the area covered by

the 3D grid reveals a linear feature, which is approximately perpendicular to the

observed orientation of the blanking zone and is indicated as assumed fault

zone in Figure 2.

Another spatial visualization of the 3D seismic data set uses picks of

horizons and faults within all inlines in order to produce a 3D image of the key

features only (Fig. 5). The blanking zone roots at the top of a local elevation of

the BSR and reveals an irregular shape but, at any depth, with an elongated

rather than a circular cross-section. The orientation of this elongated feature is

nearly perpendicular to the ridge crests of uplifted accreted sediments and thus

parallel to the main tectonic compression.

DISCUSSION

Indications for hydraulic fracturing
These observations raise the question, how lateral variations in seismic

reflection amplitude are related to sediment distribution, regional tectonics and

fluid flow. Due to tectonic loading of sediments during the accretionary process,

pore space accommodation for fluids is reduced and high pore pressure is

generated (Davis et al., 1990; Hyndman and Davis, 1992), reaching up to 80%

of hydrostatic pressure (Hyndman et al., 1993). Thus, both fluids and a strong

driving force for the vertical transport of fluids are present, and flow will occur

wherever sufficiently permeable pathways exist. However, the uppermost part

of the sediment section in the vicinity of the pockmark, which consist

predominantly of stratified turbidites and hemipelagic deposits (Westbrook et

al., 1994), provides a hydraulic seal (Zühlsdorff et al., 2000). Thus, a

mechanism to create a permeable pathway for focused vertical fluid flow is
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required. It was previously suggested that the seismic blanking zones are a

result of differential uplift along thrust faults (Riedel et al., 2002). But if faulting

due to ongoing tectonic activity creates permeable pathways, it is more likely

that fault planes are oriented normal to the main principal stress, which is

consistent with the fault zone indicated in Figure 2, rather than with the

pockmark orientation observed in Figures 4 and 5.

Given sufficiently focused fluid flow and high pressure, the fluid itself may

alternatively support the creation of a permeable pathway by hydraulic

fracturing. Before pore pressures in overpressured areas reach lithostatic

stress, fractures appear and release pore fluid, thereby providing a limitation on

the pore pressure within the sediments (Secor, 1965; Hunt, 1990; Roberts and

Nunn, 1995; Wang and Xie, 1998; Luo and Vasseur, 2002). Apart from the

limited extent of the blanking zone, three main observations from seismic data

indicate that natural hydraulic fracturing may have created the permeable fluid

pathway associated with the pockmark site. First, the blanking zone is located

on top of an accretionary plateau (Fig. 1) and a locally elevated BSR (Fig. 5),

i.e. above a region where the fluid pressure beneath low permeable boundaries

as the base of hydrate bearing or stratified sediments is assumed to be highest.

Second, hydraulic fractures will be elongated and oriented along the maximum

principal stress direction to minimize energy within the local tectonic stress field

(Hubbert and Willis, 1957; Luo and Vasseur, 2002). This is consistent with the

NE-SW orientation of the blanking zone parallel to the main compressional

forces. Third, the surface expression of the pockmark will be built preferably

along the axis of the blanking zone by fluid and material expulsion. This is

consistent with the fact that a surface expression is not observed in NE-SW

direction (Fig. 2) but only on the crossing inline (Fig. 3).

Integration of observations
The timing of this process suggested is difficult to determine based on

seismic data only. However, the 3D seismic data presented here allow for the

assumption of a very plausible scenario: While the fracture develops, fluid

overpressure will slowly decrease and the fracture will likely grow at the same



7

rate as fluid pressure reestablishes. Due to a low flow rate, no temperature

anomaly will likely exist within the fracture, preserving the existing gas hydrate

occurrences and lateral sediment structures. When the fracture then reaches

the seafloor, fluids will be expelled in an event-like process. It is thus likely that

cracks will close subsequently until sufficient overpressure has built up again.

During the short-lived fluid expulsion phases, pressure decrease and enhanced

flow will allow for the generation of free gas bubbles, followed by subsequent

gas hydrate growth within the upflow zone. Warm fluids rising along the fracture

during such an event will thus act as a line/plane heat source, which may

rapidly decompose gas hydrate and generate massive amounts of free gas

bubbles. This event will likely result in a BSR interruption (Fig. 2) due to local

decomposition of gas hydrate as well as gas release to the surface. It would

further explain the presence of gas hydrate at the top of the blanking zone,

which requires transport of large volumes of methane through the gas hydrate

stability field.

Accordingly, the decrease of seismic amplitudes within the blanking zone

would just be most pronounced during the fluid expulsion event and attributed to

attenuating free gas bubbles. This seismic signature may subsequently degrade

on geologic time scales, when methane is partly transformed back to hydrate.

Also, if fluid content and porosity within the hydraulically fractured zone are

locally increased, reduced impedance contrasts may also contribute to seismic

blanking (Zühlsdorff et al., 1999).

SUMMARY AND IMPLICATIONS
High resolution three-dimensional seismic data provide a means to study

fluid migration pathways of a pockmark/gas hydrate site on a 100-m-scale.

Spatial seismic images of the upflow zone provide a unique range of indications

for natural hydraulic fracturing, which temporarily creates permeable conduits.

Assuming hydraulic fracturing to be the basic process controlling fluid migration

at this site, observations from this and previous studies can for the first time be

integrated within a consistent conceptual model. However, this model is not
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geographically restricted to the Cascadia margin or limited to support seismic

interpretation. It may also help to renew the discussion on time scales relevant

for geo-chemical processes, to impact studies on biotic communities on the

seafloor, and to improve the geological understanding of gas-rich or hydrate-

rich sediment sections on both active and passive margins world-wide.

ACKNOWLEDGMENTS
Standard seismic processing was carried out with the Seismic Un*x software package
(Stockwell, 1997). Figure 1 was created using Generic Mapping Tools (Wessel and Smith,
1991) and Multi Beam (Caress and Chayes, 1996). 3D seismic interpretation was carried out
with KINGDOM Suite provided as a donation by Seismic Micro-Technology. R/V Sonne Cruise
SO 149 and subsequent work was supported by the German Ministry of Science and
Technology (BMBF).

APPENDIX: SEISMIC AND HYDROACOUSTIC METHODS
Multi-channel seismic (MCS) data were collected using a 600-m-long Syntron

streamer, equipped with separately programmable hydrophone subgroups,

which were optimized for the given water depth of >1100 m using 48 groups at

a length of 6.25 m. Six remotely controlled birds kept the streamer depth within

a range of 1 m, and magnetic compass readings allowed determination of the

position of each streamer group relative to the ship's course. A GI-Gun with 2 x

0.4 L chamber volume (100-500 Hz) was used along all seismic lines.

An area of about 2.5 x 5.5 km size was covered by parallel, closely spaced

(25 m) MCS lines oriented from NE to SW, i.e. in the direction of maximum

variation of structural inclination. The 3D data were supplemented by some

longer MCS lines in both inline direction (Fig. 2) and crossline direction (Fig. 3),

in order to provide quality control for 3D processing and a link to the larger

seismic grid measured at the Cascadia Margin. The cells of the final 3D grid are

10 m wide (in inline direction) and 25 m long (in crossline direction), and

coverage is between 5 and 8 in most cases. However, the best coverage is only

given around the gas hydrate site within the center part of the grid and

decreases towards the edges, where line coverage is limited. Geographic

positions of each shot location were provided by closely sampled (1 s) DGPS

recordings, and custom software was used to calculate receiver positions and

statics as well as to carry out 3D binning. Standard data processing included
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editing, filtering, and stacking of the data. Due to the limited crossline dimension

of the 3D grid, only a 2D migration was applied in inline direction. Trace

interpolation could be avoided due to the small inline spacing.

Hydrosweep multi-beam swath sounder coverage of the area is complete,

and data were used to map seafloor bathymetry as displayed in Figure 1 after

editing and gridding. The Hydrosweep system uses hull-mounted transducers

and compensates for heave, pitch, and roll.
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FIGURE CAPTIONS

Figure 1: Contour image of R/V Sonne Cruise SO 149 (ImageFlux) swath

sounder data (Hydrosweep), showing the location of Ocean Drilling

Programm (ODP) Sites and the seismic lines presented in this paper.

Contour interval is 20 m. The data were collected within a small area on top

of a gently undulating plateau, where the pervasively fractured and folded

accretionary wedge locally crops out and is elsewhere covered by basins of

stratified slope sediments. Crests of accreted ridges are NW-SE oriented. A

steep escarpment to the Southwest separates the plateau from the lower

slope.

Figure 2: Seismic 2D Line GeoB00-142, which is oriented in inline direction of

the seismic 3D grid. For location see Figure 1. Common depth point (CDP)

spacing is 10 m, vertical axis shows two-way time (TWT). The accretionary

wedge is characterized by a lack of coherent reflection amplitudes. Younger

stratified slope deposits show indications for recent tectonic deformation. A

clear bottom-simulating reflector (BSR) marks the base of the gas hydrate

stability field and is disrupted beneath a vertical blanking zone.
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Figure 3: Seismic 2D Line GeoB00-398, which is oriented in crossline direction

of the seismic 3D grid. For location see Figure 1. Common depth point (CDP)

spacing is 10 m, vertical axis shows two-way time (TWT). Stratified deposits

appear to be much less deformed as observed in Figure 2. The gas hydrate

site reveals a pockmark-like seafloor depression not observed in Figure 2 at

the same location.

Figure 4: Time slices from the 3D seismic data cube showing average energy.

In this display, whitish shades indicate blanking of seismic reflection

amplitudes. Small average energy to the West at 1.77 and 1.79 s two-way

time (TWT) indicates where the seafloor is below the respective time slice.

Figure 5: 3D image of seismic key features. The undulating surface marks the

boundary between accreted sediments and stratified slope deposits, the

smoother surface on top marks the seafloor, and the deepest surface marks

the gas hydrate bottom-simulating reflector (BSR). The time-slice at 1.79 s

two-way time (compare to Figure 4) and a background seismic inline are

given for reference. The time range imaged is 1.7 -2.1 s two-way time for the

vertical axis, the seismic line is 2.2 km in length, and the width of reflector

elements is about 600 m.
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Abstract. A high resolution 3D seismic data set was collected at the eastern flank

of the Juan de Fuca Ridge off the west coast of North America. The data were

used to develop a consistent layer model of an unusual complex stratigraphic

pattern at and around a sediment buried basement elevation called First Ridge.

Incoming turbidites were blocked by the basement obstruction until the adjacent

troughs gradually filled with sediments and the bathymetry was smoothed.

Subsequent major events managed to spill over the ridge or covered the whole

area including the top of the basement high. Narrow vertical or sub-vertical zones

of decreased seismic reflection amplitudes, which were previously shown to be

related to equally narrow zones of locally higher porosity, are observed above

pronounced basement peaks. Based on the layer model, it is inferred that vertical

grain size sorting in a turbiditic particle cloud may provide topography-dependent

lithologic changes but does not account for changes of sediment physical

properties on such small scales. It is rather suggested that the higher porosity

characterises the extensional strain field, which forms throughout forced folds

observed in 3D GI-Gun data. The forced folds may either be the result of fault

movement within the basement or related to fault processes within the sediment

cover itself. Since forced folds and their associated fractures appear to focus the

hydrothermally driven fluid upflow observed above First Ridge, it is assumed that

high porosity zones are potential pathways for fluid migration, which can be

imaged in high resolution seismic data. Though high porosity zones and fluid flow

are not directly coupled, 3D data provide information about the development and

distribution of a potential plumbing system and thus an understanding of the

nature of flow.
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1. Introduction

Exchange processes at oceanic spreading centres have a general impact on

ocean chemistry, influence the physical and chemical properties of the crust and

sediments, and affect the heat budgets of marine environments (e.g. Davis et al.,

1992; Fisher et al., 2000). Direct exchange of ocean water will later be diminished

by a growing sediment cover of lower permeability (Lister, 1972; Snelgrove and

Forster, 1996), whereas fluids and heat are still laterally transported over great

distances in the igneous crust beneath the sediments (e.g. Lister, 1972; Davis et

al., 1992; Fisher et al., 1994; Wang et al., 1997).

Based on observations made during Ocean Drilling Program (ODP) Leg 168 at

the eastern flank of the Juan de Fuca Ridge (Fig. 1), ocean water was inferred to

enter the crust at the sediment free areas close to the ridge crest (Fig. 2), to

become isolated within the crust by a sedimentary hydraulic seal, and to move

eastward (e.g. Shipboard Scientific Party, 1997). However, the nature of fluid

flow, recharge, and venting through the oceanic basement and sediments is still

only partly understood. One main open question is about the location of discharge

points and whether the volumes of fluids leaking through the sedimentary seal do

balance the in-going and out-coming fluid budget.

Since hydrothermal (i.e. buoyancy driven) flow is mainly governed by

basement topography (e.g. Lowell, 1980; Hartline and Lister, 1981; Wang et al,

1997), all basement highs are potential discharge points, even if they are sediment

covered. The six westernmost sites of the ODP Leg 168 transect are situated in the

vicinity of an 1.4 Ma old buried basement ridge (First Ridge, Fig. 2). At the top of

First Ridge, fluid upflow at rates of the order of a few millimeters per year were

inferred from geochemical observations (Wheat and Mottl, 1994; Shipboard

Scientific Party, 1997). At the same sites, high resolution multi-frequency seismic
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data revealed narrow zones of low reflection amplitudes (Zühlsdorff et al., 1999).

The effect is most pronounced near ODP Leg 168 Sites 1030 and 1031, where

higher porosity and permeability values were measured compared to all adjacent

sites (Shipboard Scientific Party, 1997; Giambalvo et al., 2000). Higher porosity

can reduce seismic impedance contrasts and was suggested to be the main cause

for locally reduced reflection amplitudes. Since zones of higher porosity are

potential pathways for fluids, they were further assumed to be associated with the

observed hydrothermally driven fluid discharge. Thus it was inferred that fluid

upflow above this ridge can be imaged in seismic data (Zühlsdorff et al., 1999).

Zühlsdorff and Spiess (2001) later used synthetic seismograms calculated from

ODP core density data to confirm higher porosity to be the main reason for

reflection amplitude decrease.

However, it remained ambiguous where the higher porosity comes from, or,

with other words, whether there is fluid flow because of high porosity or high

porosity because of fluid flow. Correlation of one-dimensional consolidation and

permeability properties with sediment type suggested that the relatively high

porosity and permeability do not result from fluid flow but are intrinsic properties

of hemipelagic sediments accumulated above the ridge (Giambalvo et al., 2000).

Spinelli et al. (in press) further suggest that hemipelagic sediment accumulation

dominated where the topographic basement ridge is more prominent, and that

turbidites sourced on the continental margin were blocked or diverted by the

topographic high. However, narrow zones of decreased reflection amplitudes,

which are only some ten to a few hundred meters wide, are most likely not

covered by a model mainly based on core data and involving topographic control

of turbidite distribution.
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Difficulties to relate sedimentation, seismic anomalies, porosity anomalies, and

fluid migration, as well as to integrate interpretations from different data sets and

approaches, are partly due to the fact that the data base may still not be sufficient

for studies on this level of detail. Even for the high resolution seismic data

discussed by Zühlsdorff and Spiess (2001) reflector analysis is difficult due to

temporal and spatial changes in sediment influx and seafloor morphology, causing

a lack of stratigraphic uniformity (Underwood et al., in press). Turbidite layers at

First Ridge, which provide sharp impedance contrasts and can usually be traced

throughout large areas, are affected by thermal subsidence of the lithosphere,

normal faulting, local foci of constructional volcanism, and the tendency of

sediment gravity flows to funnel between or deflect around bathymetric

obstructions (Underwood et al., in press).

To analyse and interpret such an unusual patchy turbidite record, a 3D

reflection seismic data set is required, which provides sufficiently high source

frequency bandwidth (to resolve the layer structure) as well as high trace density

in both inline and crossline direction (to improve 3D tracing of reflectors and

basement surface). During R/V Sonne Cruise SO 149 (ImageFlux, Spiess et al.,

2001), such a data set was collected above First Ridge to image potential fluid

pathways and local tectonic structures at high source frequencies. Based on these

data, this paper shows that narrow zones of higher porosity and the associated

focussing of fluid upflow cannot be explained by the topographic controls of

turbidite sedimentation and the predominant accumulation of mainly hemipelagic

sediments above the ridge. We rather suggest the creation of potential fluid

pathways along fractures associated with forced folds, which are formed when the

sediment cover accommodates itself either to faulting within the basement or to
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fault movement within the sediment cover itself (e.g. Cosgrove and Ameen,

2000).

2. Study area

First Ridge is located at the eastern flank of the Juan de Fuca Ridge off

Vancouver Island, western Canada, on the latitude of the Endeavor segment (Fig.

1). For a detailed description of the regional main tectonic features see e.g. Davis

and Currie (1993).

The Juan de Fuca Ridge is an active seafloor spreading centre at half spreading

rates of 29 mm/a (e.g. Davis et al., 1992). Young crust is presumed to migrate out

of the rift valley by stepping up a series of inward facing normal faults and is

subsequently tectonically re-organised as it moves further away from the rift axis,

which leads to a decrease in vertical offset of the scarps, a reversal of fault dips

and a rotation of fault blocks (e.g. Davis and Lister, 1977; Macdonald and

Atwater, 1978; Kappel and Ryan, 1986). Aging, cooling and subsidence increase

uniformly with distance from the ridge (Davis et al., 1992). Subsidence accounts

for the combined effects of lithospheric cooling and sediment loading, and

variations of the rate of subsidence are large (Davis et al., 1992).

A schematic cross-section of the eastern flank of the Juan de Fuca Ridge is

shown in Fig. 2. Sediments lap onto 0.62 Ma old basement about 18 km east of

the ridge crest, isolating fluid flow to the more permeable upper basement (e.g.

Davis et al., 1992). Local basement relief is dominated by linear ridges and

troughs that were produced by normal faulting and variations in volcanic supply at

the time the crust was created (Kappel and Ryan, 1986). Sediment buried First

Ridge is situated on about 1.4 Ma old crust.
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Small scale levees and hummocks on the seafloor west of First Ridge indicate

that the elevation of the ridge may have controlled the location of sediment

distribution channels (e.g. Zühlsdorff and Spiess, 2001). A mixed provenance

with contributions from Vancouver Island, the Olympic Penninsula, and perhaps

western British Columbia appears to be most likely (Underwood et al., in press).

Recurrence intervals of sand or silt turbidites have been eratic in space and time

because of local blockage, defection and reflection of flow paths by basement

relief, remobilization by local submarine slides and debris flows, episodic channel

switching, and sporadic overbank flooding. Sediments on top of First Ridge

appear to be different and to consist of hemipelagic mud, carbonate-rich mud, and

rare beds of silt to sandy silt (Underwood et al., in press).

Spatial and temporal differences in total accumulation rates are explained by a

dynamic link between sedimentation and submarine geomorphology: As each

basement low filled with sediment, the seafloor gradually smoothed and

topographic control of turbidite distribution was reduced. Thus, each turbidite

must have adjusted to the rugged landscape of its own flowpath under its own

unique set of circumstances (Underwood et al., in press).

3. Seismic and hydro-acoustic methods

Multi-channel seismic (MCS) data were collected using a 600-m-long Syntron

streamer, equipped with separately programmable hydrophone subgroups, which

were optimized for the given water depth of >2500 m using 48 groups at a length

of 6.25 m. Six remotely controlled birds kept the streamer depth within a range of

1 m, and magnetic compass readings allowed for the determination of the position

of each streamer group relative to the ship’s course. A GI-Gun with 2 x 1.7 L
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chamber volume (100-300 Hz) was used along all seismic lines shown in this

study.

An area of about 6.4 x 2.3 km size was covered by parallel, closely spaced (25

m) MCS lines oriented from West-Northwest to East-Southeast, i.e. in the

direction of maximum variation of structural inclination (Fig. 3). The cells of the

final 3D grid are 10 m wide (in inline direction) and 25 m long (in crossline

direction), and coverage is between 5 and 10. Geographic positions of each shot

location were provided by closely sampled (1 s) DGPS recordings, and custom

software was used to calculate receiver positions and statics as well as to carry out

3D binning. Standard data processing included editing, filtering, and stacking of

the data. Due to the limited crossline dimension of the 3D grid, only a 2D

migration was applied in inline direction. Trace interpolation could be avoided

due to the small inline spacing. Quality control for 3D processing as well as a link

to the larger seismic grid measured at First Ridge was provided by a large number

of supplementary 2D lines. Modelling of seismic reflection patterns from ODP

Leg 168 core density logs for a multi-frequency seismic data set, which was

collected using the same recording system on the same vessel in the very same

area, already provided ground truth for GI-Gun data of 100-500 Hz source

frequency bandwidth (Zühlsdorff and Spiess, 2001).

Hydro-acoustic systems were operated simultaneously on each seismic line.

The sediment echosounder Parasound (4 kHz) provides ultra high resolution

images of the uppermost 50-200 m of the sediment section. Diffraction hyperbolas

are mainly suppressed due to the narrow beam angle of 4°. Further, Hydrosweep

multi-beam swath sounder coverage of the area is complete. Data were used to

map seafloor bathymetry as displayed in Fig. 3 after editing and gridding. Both



9

hydro-acoustic systems use hull-mounted transducers and compensate for heave,

pitch and roll.

4. Observations

Observations summarised within this paragraph are partly based on hand-

picked information about basement surface or individual reflectors. Tracing of

reflectors always involves some portion of interpretation, especially within

structurally complex environments, however, using the third dimension and

meeting the requirement, that picks of individual reflectors have to be consistent

in inline direction as well as in crossline direction, helps much to minimise this

portion in order to build an accurate and realistic layer model.

Three-dimensional views of the sediment and the basement surface at First

Ridge are given in Fig. 4 (for location of the box see Fig. 3). The seafloor appears

to be relatively smooth compared to the rugged basement, and bathymetry is much

less pronounced than basement topography. For reference, basement elevation at

the southernmost inline is about 120 m whereas the bathymetric high is only about

25-30 m relative to the adjacent basins. The basement west of First Ridge reveals

a second ridge, which is much smaller and slightly oblique to the main structure

but can be traced throughout the seismic grid. The seafloor between these two

ridges shows a linear depression right at the western flank of First Ridge.

The basement surface of First Ridge as seen from the North is displayed in Fig.

5. Box size and location are the same as for Fig. 4. Inline 2 is shown in the

background for reference. From this view it is most obvious that the basement

ridge crest splits into two parts within the southernmost half of the seismic grid.

The time slice at 3.548 s two-way traveltime (TWT) indicates different reflector

inclinations west and east of First Ridge: To the East, alternating light and dark
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linear shades result from cutting through a number of horizons, whereas the

largest inclination to the West is at the location of the linear seafloor depression

mentioned above. Although the general reflector structure cannot be considered as

truly two-dimensional, Fig. 5 suggests that structural variations on scales of a few

ten meters rather occur in inline direction than in crossline direction.

A comparison of seismic inlines from North to South is shown in Fig. 6a-c. All

seismic lines were supplemented by line drawings of the uppermost reflectors as

well as by Parasound images on the same scale, showing where narrow zones of

higher porosity and decreased reflection amplitudes are located. Inline 91 (Fig. 6a)

is located at the northern edge of the seismic grid, where the basement ridge more

or less resembles a single peak. Layers accumulated during earlier stages of

sedimentation history are clearly separated by the ridge, whereas Layers B-D are

associated with turbidites, which appear to have affected the whole area.

However, these layers are subject to folding, fracturing or faulting and show large

vertical offsets at the location of the basement peak. Layers in Inline 91 are

smoother than the same layers in Inline 2 (Fig. 6c), where they had to

accommodate themselves to a basement double-peak. Layer inclination at the

southern edge of the seismic grid is larger than to the North, and vertical offsets of

individual horizons are increased. Central Inline 44 (Fig. 6b) is situated within a

transition zone, where the basement ridge crest starts to split into two parts. As in

Fig. 6c, Layers A and B cannot be traced through the depression observed at the

western flank of First Ridge, which likely indicates erosion due to currents or the

flow of suspended material. Some layers suggest that over-spilling occurs at the

basement high, i.e. layers associated with turbidites coming from one side of the

ridge are gradually thinning out on the other side. Examples are Layer A in Fig. 6c

and Layer E in Fig. 6b. Layer E, however, appears to be not present at all in Fig.
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6c. In general, comparison with Parasound data shows that narrow zones of

deceased reflection amplitudes are clearly correlated with pronounced basement

peaks. Exceptions are rare and, if present, related to pervasive distortions or

disruptions of the layering as observed east of the basement ridge in Inline 24

(Fig. 7). The features summarised above are now discussed with respect to fluid

flow and the origin of zones of higher porosity.

5. Discussion

Using a high resolution 3D seismic data set covering a small portion of First

Ridge, a consistent layer model of an unusual complex stratigraphic pattern could

be developed. This was possible because the elevation of the basement ridge

within the transition zone, where the ridge crest starts to split into two parts, is

relatively flat. Thus, vertical offsets at disrupted horizons are very small for a

number of adjacent inlines and some key layers could be used to connect the areas

east and west of the ridge (e.g. Layer C in Fig. 6b). Crossline analysis

consequently allowed to identify those layers in all other inlines as well. Three-

dimensional analysis was also used to identify those rare cases, in which

individual reflectors are not present throughout the study area (e.g. Layer E, which

is missing at the southernmost edge of the seismic grid).

The data confirm that First Ridge acts as an obstruction for incoming

turbidites. Younger layers appear to be separated by the basement ridge (e.g.

Layer E and deeper layers in Fig. 6), but it is nor clear from seismic data whether

different individual turbidites filled the bottom of the troughs east and west of

First Ridge or whether single turbiditic particle clouds initiating from the north

were divided by the basement high. However, turbidites did not cover the top of

First Ridge during the early stages of sedimentation history. As the basins
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gradually filled with sediments and bathymetry was smoothed (Figs. 4, 6), the

effect of the topographic obstruction on sedimentary flow paths decreased, and

some major turbidites started to cover the whole area including the ridge crest

(Fig. 6). This does not deny, however, that sediments accumulated on the ridge

crest reveal smaller average grain sizes and that hemipelagic material is less

diluted by sandy or silty influx. This is because it can be assumed that seismic

data even at this high resolution do mainly image major events. Only Layers A-D

were identified on top of the ridge, and at least two of them do only over-spill and

vanish on the other side (Fig. 6), suggesting that only the finer-grained portion of

the respective turbidite may be able to overcome the obstruction. Sediment

thickness also decreases above the basement high, indicating that less turbiditic

material adds to hemipelagic sediments within the same interval between the

seafloor and Layer D.

Parasound data at First Ridge reveal narrow zones of decreased reflection

amplitudes (Figs. 6, 7). The possible effect of seafloor inclination on the

Parasound recordings were already discussed by Zühlsdorff et al. (1999),

however, Fig. 6b shows a blanking zone which is clearly not affected by

bathymetry, and the trend of blanking zones observed above the ridge roughly

follows the ridge crest independently of seafloor inclination. Depending on

display parameters, GI-Gun data also show some amplitude decrease, however,

the effect is more pronounced for higher resolution data (Zühlsdorff et al., 1999;

Zühlsdorff and Spiess, 2001). In this study, the data were displayed such that

sediment structures imaged in GI-Gun data can be correlated with the location of

decreased reflection amplitudes in echosounding data.

Both, the narrow zones of reduced reflection amplitudes as well as the

hemipelagic material on top of First Ridge, are characterised by higher porosity
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and are exclusively observed above a basement high. This is why it was often

discussed whether these narrow zones are due to the topographic control of

turbidite sedimentation causing differences in sediment type between basement

highs and lows (e.g. Giambalvo et al, 2000; Spinelli et al., in press). Another

suggestion was that the fluid upflow observed above First Ridge is associated with

the creation of high porosity (e.g. Zühlsdorff et al., 1999).

However, there was little evidence found for the creation of secondary porosity

through hydrothermal dissolution, as well as for strengthening of grain contacts

through hydrothermal precipitation, which could possibly prevent normal

compaction (Giambalvo et al., 2000). There is also general agreement that

basement overpressures are far not high enough to explain the prevention of

normal compaction as it was observed at ODP Sites 1030 and 1031 above First

Ridge. Yet, vertical grain size sorting in a turbiditic particle cloud is very unlikely

to account for the creation of narrow vertical or sub-vertical zones containing

predominantly finer material and revealing only small transition zones between

“anomaleous” and “normal” physical properties at the edges. Topography-

dependent lithologic changes in a turbiditic depositional realm should provide less

local variability than it is observed above First Ridge and a more gradual variation

of grain size and reflectivity on larger scales (as suggested by the over-spill layers

in Fig. 6, which thin out over distances of hundreds of meters). This concept,

however, is in contrast to the distribution of zones of low reflection amplitudes

and in agreement with the general layer structure. The three sub-vertical zones

observed in Fig. 7 are separated by areas of average reflection amplitude, which

are therefore assumed to provide average sediment physical properties. This

alternating pattern is not expected if turbidites coming either from the East or

from the North along the western flank of the basement elevation are blocked by
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the ridge, especially as the easternmost blanking zone is located at the flank rather

than at the top of the local basement elevation. On the other hand, distinct

reflectors can be traced throughout the sedimentary basins across the basement

high (Figs. 6, 7), indicating that some events cover the whole area. Though

turbidites might well change their physical properties gradually at a topographic

high and the sedimentation patterns can be considered to be unusual patchy on a

larger scale, abrupt changes along individual turbidites are very unlikely.

Furthermore, the zones of seismic reflection amplitude decrease in Figs. 6 and 7

affect the complete sediment column. Even if a “patchy” turbidite record could

locally produce such zones, it is unlikely that the zone remains at the same

location while sediment sources, the location of flow paths, and the effect on

sedimentation patterns exerted by the bathymetric high evolve through time. Thus,

although sandy turbidites are absent above First Ridge and a significant effect of

topography on sediment distribution and lateral changes of lithology is

undisputed, the narrow zones of higher porosity imaged in seismic data have to be

related to another process.

Fluid flow requires (1) a fluid, which is available since ocean water enters the

crust at the Juan de Fuca Ridge crest and subsequently moves eastward, (2) a

driving force, given by the basement overpressure, which is not sufficient to

prevent normal compaction but obviously enough to maintain the rise of fluids at

small rates, and (3) sufficiently permeable pathways, which are given in the form

of high porosity (and permeability) zones. Thus, understanding of the creation of

such pathways is a key to elucidate the nature of fluid discharge above First

Ridge. With respect to that, two aspects are important: First, most vertical

blanking zones observed in Parasound data are correlated with equally narrow

basement peaks observed in GI-Gun data (the only exception are pervasively
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distorted zones as shown in Fig. 7), and second, all observed blanking zones are

correlated with locally flexed layering, partly associated with a disruption of the

horizons and large vertical offsets (Figs. 6, 7). We thus suggest that vertical and

sub-vertical zones of higher porosity are related to forced folding, in which the

final overall shape and trend of the fold are dominated by the shape of some

forcing member below (Stearns, 1978).

In general, the dominant mechanism operating during forced folding is

bending, defined as the flexuring of a layer or surface by a compression acting at a

high angle to the layering (e.g. Cosgrove, 2000). One of the most common

geological situations where such folds develop is in cover rocks above a fault in a

more rigid basement (Cosgrove and Ameen, 2000). Forced folds then form over

fault scarps, and the profile geometry of forced folds is controlled by the type of

movement and amount of slip of the basement fault. The strain patterns generated

in the folded layers are characterised by layer perpendicular shortening and layer

parallel extension in the direction normal to the strike of the fault. Thus, an

extensional strain field forms throughout the fold (Cosgrove and Ameen, 2000).

It can therefore be assumed that such an extensional behaviour leads to a

change in physical properties of the sediment, and it appears to be reasonable to

expect higher porosity in the vicinity of such a fold. Assuming a basement fault at

First Ridge, an extreme case is probably given at the southern edge of the seismic

grid in the vicinity of ODP Sites 1030 and 1031 (Fig. 3) where basement

topography is most pronounced (Figs. 4, 5). Inline 2 (Fig. 6c), which is located

right between both ODP sites, shows the widest blanking zones, indicating that in

this part of the seismic 3D grid all sediments accumulated on top of the ridge are

more or less influenced by folding. Since most sediment cores from First Ridge

are from this area (e.g. Wheat and Mottl, 1994; Giambalvo et al., 2000; Spinelli et
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al., in press), this may be a reason why core-based studies suggest a pure relation

between sediment type and topographic high.

Forced folds and their associated fractures frequently play an important role in

controlling the migration and concentration of fluids within the sediments

(Cosgrove, 2000). At First Ridge, fluid flow through the sediments is coupled to

fluid flow through the crust. Basement pore fluids are extensively altered but

relatively young within the basement below ODP Sites 1030 and 1031, suggesting

that there may be different fluid sources and that a simple model of fluid flow

from west to east cannot explain all observations (Fisher and Davis, 2000). The

basement fluid at First Ridge may be surprisingly altered because it comes from a

deeper source at higher temperature. If so, it appears to be very reasonable to

assume that an active basement fault indeed is present. The basement fault would

then be a pathway for fluids as well as the inherent cause for the continuation of

this pathway through the sediment cover.

Other well documented relationships between faults and folds are known, one

of the most familiar being fault-bend folds (Cosgrove and Ameen, 2000). In this

type of forced folding, the folding is not the result of the movement of rigid fault

blocks in the basement but rather the result of fault movement within the cover

rocks (Suppe, 1983). The pervasive distortion marked in Fig. 7 may either be the

result of basement uplift or of gravitational gliding of the sediment package. In

any case, it is associated with a blanking zone and thus likely with locally higher

porosity. In principle, the blanking zones above the basement peaks in Fig. 6 may

also be interpreted as fault-bend folds, if gravitationally controlled movement

between sediment packages separates such packages above a basement peak. This

would not necessarily require that a probable basement fault is still active.
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However, principal implications for fluid flow above First Ridge are not

straight forward. The control of fluid flow by forced folds requires a discussion

about the pattern and timing of their associated fractures, and imaging vertical

fractures in seismic data is more difficult than imaging forced folds. In general,

high porosity zones, which can be traced from basement to the seafloor, are

potential fluid pathways, and fluid flow may be expected above First Ridge where

blanking zones are observed in high resolution seismic data. However, since flow

rates measured within the study area are low anyway, they may easily become

undetectable even with chemical methods if the hydraulic impedance gets too

large, i.e. upflow may either cease or be prevented from the beginning if sufficient

fracture permeability cannot be maintained or created or if sediment thickness is

too large.

In any case, it makes perfect sense that fluid upflow in the vicinity of ODP

Sites 1030 and 1031 is the strongest observed in the area, since several aspects

controlling the local flow system are combined: The most pronounced basement

topography, which may indicate a large slip-rate of an active basement fault, is

correlated with the thinnest sediment cover, the strongest folding and thus with

likely fracturing and the highest expected permeability. Still, upflow rates through

the sediments are at the order of millimeters per year, whereas eastward flow

through the upper basement is of the order of meters per year (e.g. Fisher and

Davis, 2000). Probably the most efficient fluid pathways are small-scale features

and have not yet been cored, and the volume of sediment affected by higher

porosity and probably hosting fluid flow has not yet been estimated along the full

length of First Ridge, however, it is unlikely that the contribution of First Ridge

alone can balance the fluid budget of the eastern Juan de Fuca Ridge.
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The concept of forced folds creating high porosity zones and controlling fluid

discharge has shown to be capable to explain nature and development of the

plumbing system at First Ridge. Furthermore, this concept is not geographically

restricted to the Juan de Fuca Ridge but may be considered in any tectonic

environment which provides some forcing member below. This is most likely true

for all areas of young crust covered with sediments. Other examples may include

passive margins, which are subject to salt tectonics.

6. Summary

(1) Using a high resolution 3D seismic data set, a consistent layer model could

be developed for the unusual complex stratigraphic pattern at First Ridge.

(2) The basement ridge acted and acts as an obstruction for incoming turbidites

but the effect exerted by bathymetry on the flow of turbiditic particle

clouds decreased as the sediment basins filled up. Subsequent major

turbiditic events affected the whole area including the top of First Ridge.

(3) Forced folds related to basement topography develop an extensional strain

field throughout the sediment column and are the likely reason for narrow

zones of locally higher porosity.

(4) The effect of topography on sediment distribution and lateral changes of

lithology may not explain lateral porosity changes on such small scales.

(5) Hydrothermally driven fluid upflow above First Ridge appears to be

focused by high porosity zones, however, high porosity does not

necessarily mean detectable fluid flow. Seismic data rather image the

potential plumbing system and provide information about its development.
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(6) One implication is that the contribution of fluids discharging at First Ridge

alone does not balance the in-going and out-coming fluid budget at the

eastern flank of the Juan de Fuca Ridge.

(7) The concept of forced folds controlling fluid migration patterns is not

geographically restricted to the Juan de Fuca area but may be considered in

any tectonic environment which provides some suitable forcing member

below.
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Figure captions

Figure 1: Overview map showing the location of the Endeavor segment of the

Juan de Fuca Ridge, of the First Ridge study area, and of the main tectonic

features. Map modified after Davis and Currie (1993).

Figure 2: Schematic cross-section perpendicular to the Juan de Fuca Ridge axis at

about 48°N and along the Ocean Drilling Program (ODP) Leg 168 drilling

transect. Image modified after Davis et al. (1992).
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Figure 3: Bathymetric map of First Ridge as well as locations of ODP Leg 168

Sites 1030 and 1031 and of seismic 3D grid. Inlines are oriented perpendicular

to the ridge, are about 6.4 km long, and are counted from South (Inline 1) to

North (Inline 93). Line spacing is 25 m.

Figure 4: 3D images of sediment surface (top) and basement surface (bottom) of

First Ridge as seen from the South. Both boxes are of the same size. For

reference, basement elevation at the southernmost inline is about 120 m

whereas the bathymetric high is about 25 m relative to the adjacent basins.

TWT: two-way traveltime.

Figure 5: 3D image of First Ridge basement surface as seen from the North.

Seismic Inline 91 was printed for reference. The time slice at 3.548 s TWT

indicates different reflector inclination east and west of the ridge. The base of

the box is 6.4 x 2.3 km in size, the vertical axis covers 300 ms TWT (compare

to Fig. 4).

Figure 6a: Comparison of seismic inlines from North to South: Inline 91 at the

northern edge of the seismic grid, along with a line drawing of the uppermost

layers (bottom) and the corresponding Parasound image at the same scale (top).

Figure 6b: Comparison of seismic inlines from North to South: Central Inline 44

at the transition zone, where the basement ridge crest starts to split into two

parts, along with a line drawing of the uppermost layers (bottom) and the

corresponding Parasound image at the same scale (top).

Figure 6c: Comparison of seismic inlines from North to South: Inline 2 at the

southern edge of the seismic grid, along with a line drawing of the uppermost

layers (bottom) and the corresponding Parasound image at the same scale (top).

Figure 7: Inline 24, along with a line drawing of the uppermost layers (bottom)

and the corresponding Parasound image at the same scale (top). Both basement
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peaks as well as a fault trace east of the ridge correspond to narrow zones of

decreased reflection amplitudes.
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Anhang G:

Hydrothermal seepage patterns above a buried
basement ridge, eastern flank of the Juan de Fuca

Ridge

(G. Spinelli, L. Zühlsdorff, A. Fisher, G. Wheat, M. Mottl,
V. Spieß, E. Giambalvo)
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ABSTRACT

Late Pliocene to Holocene sand and silt turbidites lap onto juvenile igneous crust of the

Juan de Fuca Ridge along the northwestern edge of Cascadia Basin, North Pacific Ocean.

Results from Leg 168 of the Ocean Drilling Program demonstrate that the depositional

environment of the subsiding ridge flank evolves through gradual but irregular westward

progradation of the turbidite facies.  The stratigraphic section, in general, coarsens and thickens

upward. The most likely sand provenance is Vancouver Island, although individual turbidity

currents could have funneled through any of several shelf-slope and abyssal-floor conduits,

including Vancouver Valley, Juan de Fuca Channel, Barkley Canyon, and Nitinat Canyon.  Clay

minerals change unevenly with depth, stratigraphic age, and sediment type (hemipelagic mud

vs. turbidite matrix).  The agents of suspended sediment transport probably included surface

currents, dilute turbidity currents, and near-bottom nepheloid clouds, all of which converged on

the northwestern edge of Cascadia Basin from different directions. Recurrence intervals for the

turbidity currents have been erratic in both time and space because of local blockage, deflection

and reflection of flow paths by basement relief, remobilization by local submarine slides and

debris flows, episodic channel switching, and sporadic overbank flooding. Locations above the

tallest basement highs have remained isolated from turbidite deposition for millions of years.

Spatial and temporal differences in sediment accumulation also complicate the three-

dimensional patterns of compaction and consolidation.  Those changes in physical properties, in

turn, govern how and when basal sediment cuts fractured basalt off from hydrothermal

communication with ocean bottom water.  The basal hemipelagic layer of Cascadia Basin forms

an effective hydrologic seal only after encroaching turbidites bury the sediment-basalt interface

beneath 100-150 m of sand and mud.
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INTRODUCTION

Cascadia Basin is located in the northeast Pacific Ocean off the coastline of

northernmost California, Oregon, Washington, and British Columbia (Fig. 1).  The Juan de Fuca

and Gorda Ridges form the western boundary of the basin.  The eastern boundary coincides

with a subduction front between the North America and Juan de Fuca Plates.  The submarine

fans and channel-levee complexes of Cascadia have been scrutinized by sedimentologists

(e.g., Griggs and Kulm, 1970; Nelson, 1976; Hampton et al., 1989; Adams, 1990).  The distal

edge of the system remained poorly documented, however, until the surveys that preceded Leg

168 of the Ocean Drilling Program (Davis et al., 1992).  One of the primary objectives of Leg

168 was to test predictions of how basement topography, sediment thickness, and sediment

permeability collectively influence the thermo-physical characteristics of fluid circulation into and

out of the igneous basement (Shipboard Scientific Party, 1997a). In particular, we wanted to

pinpoint the circumstances under which fractured basaltic crust gets sealed off from

hydrothermal exchange with ocean bottom water. Westward encroachment of a distal abyssal-

plain facies helps to arrest fluid circulation close to the ridge crest.  At the same time, the Juan

de Fuca Plate drifts and subducts toward the east, to be buried beneath the Nitinat and Astoria

submarine fans (Kulm and Fowler, 1974; Carlson and Nelson, 1987).  At the subduction front,

the plate-boundary fault (decollement) passes through the distal abyssal-plain facies (Davis and

Hyndman, 1989).  Thus, the material properties inherited from the distal depositional edges of

Cascadia probably affect the dynamics of subduction and frontal accretion (MacKay, 1995;

Underwood, 2002).

The ridge-flank setting of western Cascadia Basin is an unusual one for turbidite

deposition.  As summarized by Mutti and Normark (1987), most turbidite basins fall into one of

four categories: (A) oceanic crust with large, long-lived sediment sources and little or no tectonic

activity (e.g., Bengal, Amazon, Mississippi Fans); (B) oceanic crust with relatively long-lived

sediment sources but with tectonic activity in the source/basin transition area (e.g., Monterey
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and Astoria Fans); (C) continental crust with relatively large and long-lived sediment supply but

with structural control of basin configuration and duration (e.g., south-central Pyrenees and

northern Apennines); and (D) continental crust where continuing tectonic activity results in

relatively rapid changes in basin shape and short-lived sediment sources (e.g., California

Continental Borderland).  Turbidites are also common in a much broader array of intraoceanic

environments, including the flanks of volcanic islands and other submarine highs (e.g., Kelts

and Arthur, 1981; Hiscott et al., 1992; Garcia and Hull, 1994). Most mid-ocean-ridge flank

environments, in contrast, are immune to the input of siliciclastic turbidites because of their

distance from continental margins.  The case of Cascadia is peculiar because the crest of Juan

de Fuca Ridge lies within 300 km of the shoreline of North America (Fig. 1). Turbidites occur

within the axial valleys of the active spreading ridge (Normark et al., 1994; Zierenberg and

Miller, 2000).  Turbidite sedimentation should be affected by allocyclic forcing (i.e., uplift of

coastal mountains, earthquakes, and explosive volcanic eruptions).  One might also expect the

volcanic processes and extensional tectonics of the Gorda-Juan de Fuca ridge system to play a

governing role in the dynamics of sediment dispersal by molding the basement and seafloor

architecture.

The first purpose of this paper is to document three-dimensional variations in turbidite

stratigraphy along a portion of the Juan de Fuca Ridge flank.  We also present compositional

data for turbidites and hemipelagic mud, interpret sediment provenance, identify regional-scale

pathways of sediment dispersal, calculate long-term recurrence intervals for turbidity currents,

and describe how textural variations between turbidites and interbeds of hemipelagic mud affect

changes in physical properties.  We then discuss how the abyssal-plain facies of Cascadia

Basin affects the hydrogeology of the underlying igneous basement.  This feedback of

sedimentation on fluid circulation has important ramifications for thermal, chemical, and

mechanical evolution of the ocean crust (Sclater et al., 1980; Alt et al., 1986; Fisher, 1998) and

ocean water chemistry (Mottl and Wheat, 1994; Elderfield and Schultz, 1996).
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GEOLOGIC AND OCEANOGRAPHIC SETTING

Depositional Character of Cascadia Basin

The surface area of Cascadia Basin is approximately 170,000 km
2
, extending westward

from the base of the Cascadia accretionary prism to the edge of sediment onlap onto juvenile

basement of the Juan de Fuca Ridge (Fig. 1). The basin floor widens and slopes to the south.

The average seafloor gradient is 1:1000, and the maximum water depth is 2930 m. West of the

Cascadia subduction front, the total thickness of strata reaches a maximum of more than 3000

m (Carlson and Nelson, 1987; MacKay, 1995).  Average sedimentation rates on the abyssal

floor have been approximately 170 cm/Ky during Pleistocene glacial intervals, whereas

Holocene rates are significantly lower, ranging from 2 to 10 cm/Ky (Griggs et al., 1969).

Submarine canyons function as the principal conduits for sediment transport onto the

abyssal floor.  Numerous submarine canyons incise the accretionary margin of southern

Vancouver Island (Herzer, 1978; Davis and Hyndman, 1989).  Another anastomosing network

(Barkley, Nitinat, and Juan de Fuca Canyons) begins on the outer continental shelf near the

termination of the Strait of Juan de Fuca (Fig. 1).  Quinault Canyon intercepts Columbia River

discharge as it drifts northward across the outer continental shelf (Carson et al., 1986; Hickey et

al., 1986; Thorbjarnarson et al., 1986).  Farther south, Willapa and Astoria Canyons (Fig. 1)

connected directly to the Columbia River mouth during glacial lowstands (Carlson and Nelson,

1969; Baker, 1976; Barnard, 1978).  Gravity-controlled processes (turbidity currents, debris

flows, and slumps) intensify within these canyons during lowstands of sea level. During the

Holocene highstand, the canyons trap fine-grained sediments and help focus sluggish

downslope movement of the bottom nepheloid layer (Carlson and Nelson, 1969; Stokke et al.,

1977; Baker and Hickey, 1986).

The floor of Cascadia Basin has been sculpted by several individual channel-levee

complexes and two submarine fans (Griggs and Kulm, 1970; EEZ-SCAN 84 Scientific Staff,
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1986; Hampton et al., 1989).  Juan de Fuca Channel, the western-most feature, originates in the

northern portion of the basin (Carson, 1973).  Vancouver Valley begins near 50¡N at the shelf

edge of Vancouver Island and merges with Juan de Fuca Channel near 46¡N.  Maximum relief

on these channels is about 70 m.  Channels emanating from the mouth of the Barkley-Nitinat

Canyon network branch off to the west and to the south. Nitinat Valley intersects Vancouver

Valley just north the Leg 168 study area (Fig. 1).  Cascadia Channel is the most prominent of

the regional system, with a total length of over 2000 km (Griggs and Kulm, 1970; Karl et al.,

1989).

Nitinat Fan, with an apex near the mouth of Barkley Canyon (Fig. 1), is the most

conspicuous depositional system of northern Cascadia Basin (Carson, 1973; Stokke et al.,

1977; Shipboard Scientific Party, 1994). Sediments enter Nitinat Fan mostly through Juan de

Fuca and Nitinat Canyons, plus several smaller conduits to the east and north. The abyssal

facies beneath Nitinat Fan increases in thickness as a function of crustal age and subsidence,

reaching a maximum of approximately 1500 m (Davis and Hyndman, 1989). At ODP Site 888

(Fig. 1), the abyssal section is approximately 1100 m thick and total sediment thickness is

approximately 2500 m (Shipboard Scientific Party 1994).

The channels of Astoria Fan radiate asymmetrically from the mouths of Astoria and

Willapa Canyons (Fig. 1). This turbidite system prograded southward during the late Pleistocene

for at least 200 km  (Carlson and Nelson, 1969; Nelson et al., 1970; Nelson, 1976). The distal

edge of the fan was cored at DSDP Site 174 (Fig. 1), where total sediment thickness is

approximately 910 m; the contact between fan sediments and underlying abyssal-plain deposits

creates an acoustic discontinuity at a depth of 284 m (Shipboard Scientific Party, 1973).

Sediment thickens to more than 3000 m toward the subduction front (MacKay, 1995).

Stratigraphy of Leg 168 Drilling Sites

Leg 168 of the Ocean Drilling Program continuously cored nine sites using a

combination of hydraulic piston corer, extended core barrel, and rotary coring systems.  The
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sites were grouped into three transects (Fig. 2). With two exceptions (Sites 1030 and 1031), the

cores includes three lithostratigraphic units that coarsen and thicken upward  (Fig. 3).  Units

change considerably in thickness among sites, and all unit boundaries are time transgressive.

Temporal correlation among sites, therefore, is tied to nannofossil datums (Shipboard Scientific

Party, 1997b, 1997c, 1997d; Su et al., 2000).

Beginning at the top of the section, unit IA (sandy turbidite facies) contains hemipelagic

mud and coarser interbeds that range from medium-fine sand to sandy silt and silt. The

descriptive designation of mud as ÒhemipelagicÓ refers to its basic texture (silty clay to clayey

silt) and composition (mixture of biogenous and terrigenous constituents). These interbeds are

typically structureless to the naked eye, with scattered clay-rich bands, silt laminae, zones of

bioturbation, concentrations of calcareous nannofossils, and pyrite nodules. Most of the sand

beds display sedimentary structures that are diagnostic of turbidites: sharp to erosional bases,

normal size grading, plane-parallel laminae, ripple cross-laminae, and wavy to convolute

laminae.  Fine-grained turbidite tops grade imperceptibly into hemipelagic interbeds.  The

deepest discrete sand layer marks the base of unit IA. Thin interbeds of silt and hemipelagic

mud typify unit IB (silty turbidite facies), whereas unit II is composed entirely of hemipelagic

mud. The operational base of unit II coincides with the first recovery of basalt rubble.

The Hydrothermal Transition (HT) transect includes Sites 1023, 1024, and 1025 (Fig. 2).

Located 20 to 35 km east of the Juan de Fuca Ridge, this region changes from open-basement

hydrothermal circulation to sediment-covered basement (Fig. 4).  Basement ages range from

0.860 to 1.237 Ma (Fig. 3).  The wedge of sediment increases in thickness from 97 to 192 m

toward the spreading ridge.  A relatively smooth basement surface is back-tilted toward the west

(Fig. 4).  Seismic reflection profiles also show small-scale levees and hummocks on the seafloor

between Sites 1025 and 1024 that are products of sediment transport through the Juan de Fuca

Channel system (Fig. 5; Zuhlsdorff and Spiess, 2001).
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The Buried Basement (BB) transect, 40 to 75 km east of the ridge axis, includes Sites

1028 through 1031 (Shipboard Scientific Party, 1997d).  Basement ages among these sites

increase from 1.615 to 2.621 Ma (Fig. 2).  For the most part, this region displays a smooth east-

dipping basement surface and progressive eastward thickening of sediment  (Fig. 4).  Sites

1030 and 1031 are situated above a basement high that rises to within 41.3 m of the seafloor

(Fig. 3).  Sediments above the first basement ridge consist of hemipelagic mud, carbonate-rich

mud, and rare beds of silt to sandy silt; these strata were not subdivided into lithostratigraphic

units.

The Rough Basement (RB) transect is located approximately 100 km east of the

spreading axis, within an area that contains prominent linear basement ridges and troughs

(Shipboard Scientific Party, 1997c).  Basement relief is typically 300-500 m (Fig. 4), and some

basement highs pierce the sediment cover (Wheat and Mottl, 1994; Mottl et al., 1998).  Site

1027 is located above a basement valley, whereas Site 1026 is located over a buried ridge (Fig.

3).  Their respective basement ages are 3.586 and 3.511 Ma (Fig. 2).  Seismic reflection profiles

near Site 1027 display a transparent interval roughly 0.2 sec (two-way travel time) below the

seafloor reflector. That interval coincides with a zone of no core recovery (87 to 145 mbsf), and

the sediment there probably consists of thick sand beds (Fig. 3).  The thickest sand layer above

the no-recovery interval is 7 m. Two types of debris-flow deposits also exist in this unit. The first

type is very poorly sorted muddy sand with a high proportion of primary matrix, and the second

contains contorted mixtures of either muddy sand or clayey silt with mud clasts.

LABORATORY METHODS

Conventional ODP core descriptions were augmented by visual logging of all sand and

silty-sand layers that exceed 1 cm in thickness.  The archive half of each section was used to

locate each turbidite base (in meters below seafloor) and to estimate bed thickness.  Sharp

bases and graded bedding are common, but diffuse upper boundaries between most of the
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muddy turbidite tops and interbeds of hemipelagic mud result in underestimates of true turbidite

thickness.

Sediment index properties (bulk density, water content, porosity, and void ratio) were

measured aboard the JOIDES Resolution (Shipboard Scientific Party, 1997b, 1997c, 1997d).  A

SediGraph 5000ET analyzer (Jones et al., 1988; Stein, 1985: Singer et al., 1988) was used to

obtain grain size data (see Cavin et al., 2000, for description of sample preparation).

Processing of sand samples for petrography followed methods described by Underwood

and Hoke (2000).  Standard thin sections were cut from epoxy grain mounts and stained for

plagioclase and potassium feldspars (Houghton,1980).  We used the Gazzi-Dickinson point-

counting method, whereby all sand-sized crystals get assigned to their respective mineral

categories, even if they occur in polycrystalline rock fragments (Dickinson, 1970; Ingersoll et al.,

1984).  Saettler (1998) counted at least 500 grains per thin-section.  Grain types were assigned

to 22 categories before combining into the following monocrystalline and polycrystalline modes:

Q = total quartz; Qp = polycrystalline quartz; Qm = monocrystalline quartz; F = total feldspar; P

= plagioclase feldspar; K = potassium feldspar; L = total unstable lithic fragments; Ls =

sedimentary lithic fragments; Lv = volcanic lithic fragments; Lm = metamorphic lithic fragments;

Lsm = sedimentary and metasedimentary lithic fragments.

Samples of muddy turbidite matrix and hemipelagic mud were prepared for X-ray

diffraction analysis as described by Underwood and Hoke (2000). We transferred oriented

aggregates of the <2-µm fraction from vacuum filters onto glass slides, saturated with ethylene

glycol vapor, and scanned with a Scintag Pad V X-ray diffractometer (CuK �  radiation (1.54 �), Ni

filter, 40 kV, 30 mA).  Scans were run from 3 to 19 
�
2

�
 at a rate of 2 

�
2

�
/min and a step size of

0.01 
�
2

�
.  MacDiff software was used to process the digital data.  The integrated areas of

smectite (001), illite (001) and composite chlorite (002) + kaolinite (001) peaks were multiplied

by Biscaye (1965) weighting factors (1X, 4X, and 2X, respectively), then normalized to 100%.
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Additional tests (Biscaye, 1964) showed that kaolinite makes up less than 7% of the composite

chlorite+kaolinite peak area (Saettler, 1998).  Analyses of replicate sub-samples yielded errors

of <4% for each mineral, but the accuracy of Biscaye (1965) weighting factors also varies with

each mineralÕs absolute abundance (e.g., Underwood et al., 1993; Moore and Reynolds, 1997).

Total accuracy is probably 5-10%, so our data should be used only for semi-quantitative

comparisons of relative abundance.

RESULTS

Turbidite Stratigraphy

The sediment-basalt contact and first occurrence of turbidites both decrease in age from

east to west.  Nannofossil ages show that hemipelagic deposition began at Site 1027 soon after

basement formed at 3.511 Ma (Fig. 3).  Initially, this valley filled slowly by fall-out of suspended

mud (rate = 10.19 cm/Ky), but as basement obstructions to the east and north were buried, the

first silty turbidity currents arrived at ~1.6 Ma.  By 1.1 Ma, enough sediment had filled the valley

for silty turbidites to lap onto the nearby ridge beneath Site 1026.  Farther west at Sites 1029

and 1028, initiation of turbidite deposition was delayed until approximately 0.9 Ma.  The

basement beneath Sites 1030 and 1031 remained high enough to block west-directed turbidity

currents from encroaching upon the area of the HT transect until ~0.45 Ma (Shipboard Scientific

Party, 1997b).  Only after that time could substantial numbers of turbidity currents enter the HT

area, with total sediment thickness then increasing from east to west.

Rates of sedimentation within the sandy turbidite facies (uncorrected for compaction)

range from 11.83 cm/Ky to 55.88 cm/Ky (Su et al., 2000).  To compare turbidite recurrence

intervals, we subdivided the record into four time-stratigraphic intervals common to all three

transects, as constrained by nannofossil datums: interval A = less than 0.09 Ma, B = 0.09-0.28

Ma, C = 0.28-0.46 Ma, and D = 0.46-0.76 Ma.  Because core recovery was less than 100%

(Shipboard Scientific Party, 1997b, 1997c, 1997d), these statistics provide minimum estimates
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for the number of events during a given time period and the recurrence interval (RI) of those

events.

Within the HT transect, the upper part of the seismic section shows a clear eastward

decrease in sediment thickness above the west-dipping basement (Fig. 5), and turbidite

recurrence intervals decrease in the same direction (Fig. 6).  Site 1023 contains 133 recovered

turbidites that are less than 90,000 years in age (RI = 676 yr), whereas Site 1025 contains only

6 deposits within the same stratigraphic interval.  Interval B includes 171 turbidites at Site 1023

(RI = 1111 yr) but only 117 at Site 1024 (RI = 1624 yr) and 97 at Site 1025 (RI = 1959 yr).

Patterns for interval C are just the opposite, however, with number of turbidites increasing

substantially from west to east (Fig. 6).

Turbidite records within the Buried Basement transect show substantial discrepancies

even though basement relief was buried completely during the four time-stratigraphic intervals in

question (Fig. 7).  Higher recurrence intervals switch back and forth, and there are also

substantial differences in turbidite thickness.  Cores from Site 1028, for example, contain 108

turbidites within interval A (RI = 833 yr), whereas Site 1029 contains only 38 (RI = 2368 yr).

Thicker turbidites (> 20 cm) are common only in the upper 15 m of Hole 1028, whereas Site

1029 displays a higher proportion of thick beds and shorter recurrence interval (RI = 984 yr)

within interval C (0.28-0.46 Ma).

The turbidite records for Sites 1026 and 1027 (RB transect) display substantial

differences in spite of their proximity to one another (Fig. 8). Within interval A, the number of

turbidites increases from 41 at Site 1026 (RI = 2195 yr) to 61 at Site 1027 (RI = 1475 yr).

Thicker beds are common within interval B at Site 1026, where the recurrence interval is 1080

yr., but we were unable to match the record at Site 1027 because of poor core recovery from 90

to 145 mbsf.  Intervals C and D show decreases in RI values relative to most sites within the HT

and BB transects.
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Physical Properties

Cavin et al. (2000) tabulated the results of grain size analyses and correlated the data

with shipboard measurements of index properties (Shipboard Scientific Party, 1997b, 1997c,

1997d).  Contents of clay in hemipelagic mud are typically between 60% and 85% for each

lithostratigraphic unit, and mean grain size averages 2 to 3 µm.  Values of water content,

porosity, and void ratio generally increase with increasing clay content, whereas bulk density

tends to decrease.  There is a noticeable segregation between the data for mud versus sand/silt

lithologies (Fig. 9), which we attribute to their initial porosity values (lower for coarser textures)

and compaction mechanisms.  Variability is largest within the upper 100—150 m where porosity

values range from 80% to 30% (Fig. 10A). After data are segregated according to lithology, two

compaction trends emerge (Figs. 10B and 10C). The initial porosity values for turbidites tend to

be significantly lower (35% to 55%) than for hemipelagic beds at comparable depths (50% to

80%), and there is minimal dewatering in the sand layers over a depth range of 0—120 mbsf.

Conversely, mud porosity near the seafloor is usually greater than 70%, and values drop to

~40% at depths below 500 mbsf. Data from the mud samples fit a compaction curve (of the form

n = azb ) to depths of ~200 mbsf. Below 200 mbsf, a linear trend provides a better fit to the mud

compaction (Fig. 10A).

Sites 1030 and 1031 are unusual because mud porosity remains high (65-80%)

throughout a sediment section that extends only ~45 m above basement (Fig. 10D). The

textural characteristics of these muds appear to be no different than those of hemipelagic

deposits elsewhere (Cavin et al., 2000).  Analyses of porewater chemistry, however, show clear

evidence of upward fluid flow from igneous basement through the mud blanket (Shipboard

Scientific Party, 1997d).

Sand Petrography

One hundred thirty-four thin sections were analyzed by point counting (for data tables,

see Underwood and Hoke, 2000). The proportions of total quartz, total feldspar, and lithic
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fragments (Q-F-L) are approximately equal in most samples (Fig. 11), and temporal variations

within the HT transect are not pronounced. One exception to this homogeneity is the

occurrence of sandy silt layers in the lower part of unit IA and from unit IB that contain over 75%

of what we interpret to be intraformational mud chips. The mudstone particles are typically

brownish-yellow in color and contain silt-sized grains of monocrystalline quartz, plagioclase,

calcite, microfossils, opaque grains, mica, and mafic minerals in a clay matrix.  These clasts of

cohesive sediment probably were remobilized off adjacent basement highs.

Sand samples from Sites 1028 and 1029 (BB transect) are also homogeneous in Q-F-L

modes, but their variations in polycrystalline constituents are larger and more erratic than those

from the HT transect (Fig. 12).  Systematic changes in sand composition with depth occur only

within the RB transect.  Polycrystalline quartz and volcanic-rock fragments at Site 1026 increase

steadily above the 0.28 Ma datum, whereas sedimentary-rock plus metamorphic-rock fragments

decrease upsection from 75% to 27% (Fig. 12).  These trends, however, are not apparent at

Site 1027.  Above the 0.09 Ma datum, Sites 1026 and 1027 show small but consistent increases

in sedimentary plus metamorphic-rock fragments (Fig. 12).

Clay Mineralogy

One hundred thirty samples of mud were analyzed for their clay mineral abundances (for

data tables, see Underwood and Hoke, 2000). In general, the values of relative mineral

abundance are scattered but fail to show clear trends or excursions with depth or age.  At Site

1023, for example, smectite values range between 2% and 20% (Fig. 13).  Values of smectite

are 3% to 20% within unit IA, 2% to 16% within unit IB, and 2% to 5% within unit II.  At Site

1028, unit IA contains 5% to 35% smectite (Fig. 13), whereas values in unit II increase from 5%

to 20%.  Smectite abundance at Site 1029 also increases in unit II and upsection within unit IA.

Across the RB transect, relative abundances at Site 1026 are 4% to 16% in unit IA, 2% to 13%

in unit IB, and 0% to 25% within unit II (Fig. 14).  Mud samples from Site 1027 contain less than

12% smectite.  The relative abundance of illite at the HT sites ranges from 30% to 50%, and
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chlorite + kaolinite ranges from 40% to 75%.  At Site 1026, illite abundance is 32% to 57%,

changing very little among stratigraphic units, whereas chlorite + kaolinite varies between 38%

and 63%.  At Site 1027, the mud samples contain 19% to 49% illite (increasing upsection) and

39% to 78% chlorite + kaolinite (decreasing upsection).   The thin accumulations of mud at Sites

1030 and 1031 (situated above a basement high) are not fundamentally different in clay

mineralogy than their neighbors (Fig. 13).

We also extracted and analyzed the <2-µm size fractions from 47 sand/silt turbidites to

determine whether or not their relative mineral abundances differ from those of adjacent mud

layers.  Lithologic differences in clay mineralogy are less than 10% in more than half of the

sample pairs analyzed, but shifts larger than 20% also occur (Fig. 14).  As an extreme example,

the highest content of smectite from our study (38%) occurs within a turbidite sand at Site 1027,

whereas the overlying hemipelagic mud contains only 12% smectite.  Neither lithology shows

systematic shifts in the relative abundance of any individual clay.

DISCUSSION

Potential Source Areas

The average quartz-feldspar-lithic modes for the Leg 168 samples are Q=35, F=35,

L=30.  Several specific sources and fluvial systems need to be considered in our interpretation

of this type of polymictic sediment.  Exposures on the Queen Charlotte Islands and northern

Vancouver Island include volcanic, sedimentary, and granitic rocks (Muller, 1977; Clague,

1986).  Common lithologies on southern Vancouver Island and the Olympic Peninsula include

meta-sedimentary rocks and marine volcanic rocks (Tabor and Cady, 1978; Brandon et al.,

1998). The Coast Plutonic Complex of western British Columbia, Washington, and northern

Oregon consists mainly of granitic intrusions surrounded by sedimentary and volcanic rocks

(Clague, 1986).  Farther east, the crystalline core of the Cascade Range exposes metamorphic-

plutonic complexes, whereas the Western Cascades contain basaltic, andesitic, and dacitic lava
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flows intercalated with pyroclastic rocks (Blakely and Jachens, 1990).  Quaternary volcanic

rocks of the High Cascades include basalt, rhyolite, and more commonly  andesite (McBirney,

1978).  This regional geologic heterogeneity of the Cordillera makes it difficult to identify one

specific sediment source.

Data from modern drainage networks provide some additional constraints on the

composition of major points of discharge into Cascadia Basin.  The Columbia River (Fig. 1)

provides the largest present-day point source of fluvial discharge, with headwaters extending

eastward into the Rocky Mountains.  Sedimentary strata, plutonic, and coarse metamorphic

bedrock (Knebel et < biblio >) underlie the upper Columbia sub-basin.  Widespread flood basalt

contributes volcanic-lithic grains to the middle and lower basin (Beeson and Tolan, 1990), but

andesitic debris increases toward the river mouth.  Sand trapped in Bonneville reservoir yields

average Q-F-L values of Q = 32, F = 32, and L = 38, whereas samples between Bonneville

reservoir and the river mouth average Q = 14, F = 28, and L = 58 (Whetten et al., 1969). The

lower Columbia River also contains high contents of smectite, as might be expected with

widespread chemical weathering of volcanic source materials.  The average smectite content in

Bonneville reservoir is 55%, with individual values as high as 86% (Knebel et al., 1968).

Tributary samples from the lower Columbia River basin contain an even higher average of 89%

smectite (Knebel et al., 1968).  Farther north, Garrison et al. (1969) showed that lithic grains and

detrital quartz dominate the sand fraction of the Fraser River delta, where average Q-F-L modes

are Q = 42, F = 11, and L = 47. Discharge from the Fraser River (Clague et al., 1983) mixes

down current with smaller streams that drain both southern Vancouver Island and the Olympic

Peninsula (Mayers and Bennett, 1973; Pharo and Barnes, 1976).

Clay Provenance

Interpretations of clay provenance in marine systems can be complicated by the effects

of multiple transport mechanisms that include gravity flows, surface currents, and bottom

currents (Gorsline, 1984).  Several ocean currents are capable of driving the dispersal of
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suspended sediment above the floor of Cascadia Basin.  As the North Pacific Current

approaches North America from the central Pacific, it splits into the north-flowing Alaskan

Current (a counter-clockwise gyre) and the south-directed California Current (e.g., Kirwan et al.,

1978; Huyer, 1983; Lynn and Simpson, 1987; Shipboard Scientific Party, 1997e).  The latitude

of this separation migrates seasonally from ~50¡N in summer to ~43¡N in winter and also drifts

on decadal time scales.  Generally, these surface currents are weak (4 to 8 cm/s).  During

winter, the Davidson Current also flows toward the north over the Oregon-Washington margin at

14 to 40 cm/s before merging with the eastern edge of the Alaska gyre.

Less is known about Cascadia bottom-water circulation.  A north-directed undercurrent

moves at speeds up to 15 cm/s above the upper continental slope (Reid and Halpern, 1976;

Halpern et al., 1978), but sluggish thermohaline currents in deeper water evidently transport

suspended sediment toward the south (Stokke et al., 1977).  These currents help maintain

suspensions within a well-defined near-bottom nepheloid layer that increases in concentration

within the submarine canyons (Baker, 1976; Stokke et al., 1977; Baker and Hickey, 1986).

Efforts to track clays from the Holocene shoreline into Cascadia Basin began with the

studies of Duncan et al. (1970) and Karlin (1980), who showed that smectite content decreases

significantly (from over 50% to less than 20%) with increasing distance from the Columbia River

mouth.  Griggs and Kulm (1970) found that Holocene clays funneled from Willapa Canyon

through Cascadia Channel are likewise enriched in smectite (average 52%) relative to nearby

interchannel deposits within southern Cascadia Basin (average 37%). Closer to the Leg 168

transects, Carson and Acaro (1983) documented relatively low contents of smectite (typically

<20% in size fractions <0.5 µm).  Our analyses show that chlorite-rich muds predominate in

northwestern Cascadia Basin (mean value of chlorite + kaolinite is 52%, whereas mean

smectite is only 8%).  We attribute this dramatic shift away from the smectite-rich Columbia

River output to a reduction of chemical alteration within watersheds that included fewer volcanic

and pyroclastic lithologies.  Rapid physical weathering liberates a nearly identical chlorite-illite
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clay-mineral assemblage from diverse suites of parent rocks that drain into the glaciated fjords

and inlets of southern Alaska (Molnia and Hein, 1982; Naidu and Mowatt, 1983), as well as the

coastal mountains of northern California (Griggs and Hein, 1980).

Erratic shifts in clay mineral proportions within and among sand/mud couplets are

perplexing if one assumes that turbidite sands and hemipelagic muds should share a common

detrital source within this type of environmental setting.  Transport directions certainly can differ

between downslope-directed gravity flows and contour-parallel bottom currents (e.g.,

Underwood, 1986; Hathon and Underwood, 1991). Nevertheless, mixing and infiltration of clay-

sized particles from bottom water into a porous sandy substrate should homogenize the clay-

mineral suites within and above an individual turbidite layer even if their respective transport

paths differ.  Another phenomenon to consider is selective size partitioning by the transporting

agents, which can induce systematic shifts in clay mineralogy and clay crystallinity (Gibbs,

1977; Carson and Acaro, 1983). Sluggish transport of nepheloid layers down submarine

canyons seems to be particularly effective at hydraulic sorting (Baker, 1976), with smectite

increasing in the smaller size fractions and chlorite increasing in coarser sizes.  We did not

document any systematic lithology-dependent shifts of this type, however, so the inconsistent

sand-mud interbeds most likely resulted from temporal and spatial heterogeneity of the clay

sources and transport routes.  Glacial-interglacial cycles in the hinterland, for example, probably

played a role by shifting the elevation and (or) latitude for zones of mechanical versus chemical

weathering, even within a single drainage network.

Comparisons of Sand Provenance

The sand recovered from northwest Cascadia Basin was eroded from a polymictic

assemblage of igneous, metamorphic, sedimentary, and meta-sedimentary rocks.  Our mean

values for total-grain modes (Q = 35, F = 35, L = 30) plot within the generic dissected-arc field

(Fig. 15) as defined by Dickinson et al. (1983).  Qm-P-K data (mean of Qm = 46, P = 49, and K =

5) plot within the Circum-Pacific volcano-plutonic suite of Dickinson (1982).  Polycrystalline



18

modes agree with the arc-orogen field of Dickinson and Suczek (1979), with a mean of Qp = 16,

Lv  = 43, and Lsm = 41.  The mean values of Lv = 52, Ls = 39, and Lm = 9 (Fig. 15) are consistent

with a mixed magmatic-arc and rifted-continent source (Ingersoll and Suczek, 1979).

Shifting from generic to site-specific interpretations of source and transport route

requires complementary data from throughout the Cascadia region, but any such mergers of

data are dubious in light of their differences in sample preparation and petrographic technique.

We can, however, establish some reliable constraints through qualitative comparisons.  Gergen

and Ingersoll (1986), for example, demonstrated that sands from DSDP Site 177 (located north

of our study area at 50¡28ÕN) contain substantially higher percentages of total feldspar (average

Q = 29, F = 58, and L = 13) and more sedimentary-rock and metamorphic-rock fragments

(average Lv = 25, Ls = 48, and Lm = 27) as compared to the sands from Leg 168 sites (Fig. 15).

From this deviation, we conclude that the flux of sand from detrital sources located north of

Vancouver Island was probably not significant.

Chamov and Murdmaa (1994) analyzed samples from the northern edge of Nitinat Fan

(ODP Site 888) and the Vancouver accretionary prism (ODP Site 889).  Their average Q-F-L

values (for light-density grains only, unstained) are substantially depleted in total feldspar (Q =

46, F = 18, and L = 36 for Site 888 and Q = 41, F = 19, and L = 40 for Site 889).  White (1970)

showed that Holocene sands on the Washington-Oregon shelf are comparatively enriched in

lithic fragments (Q = 16, F = 22, and L = 62) relative to sands from the Leg 168 area.  Similar

lithic-rich light-mineral suites evidently were transported from the Columbia River into southern

Cascadia Basin (Duncan and Kulm, 1970).  In contrast, data from DSDP Site 174 (distal Astoria

Fan) show that the average detrital modes for Quaternary sands are Q = 36, F = 40, and L = 24

(Marsaglia and Ingersoll, 1992). Proportions of Lv to Lsm are roughly equal there, and

monocrystalline modes are Qm = 46, P = 40, and K = 14.  This Astoria petrofacies comes closer

than any other to matching the modal character of Leg 168 samples (Fig. 15).
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Marsaglia and Ingersoll (1992) also showed that the Pliocene abyssal-plain facies

beneath Astoria Fan is more lithic-rich than the Quaternary (average Q = 21, F = 27, and L =

52) with more abundant volcanic-rock fragments (average Lv = 69, Ls = 6, and Lm = 25). This

shift in sediment composition probably resulted from changes in bedrock weathering and/or

volcanic activity within the drainage basin rather than a shift in the principal fluvial source.  It is

worth noting, however, that turbidites in Escanaba Trough (Gorda Ridge segment south of

Blanco fracture zone) are likewise thought to come from a Columbia River source (Vallier et al.,

1973; Normark et al., 1994, 2001).  Their Q-F-L modes overlap those for Quaternary Astoria

Fan, but the polycrystalline constituents contain a higher proportion of volcanic-lithic debris than

Astoria sands (Zuffa et al., 2000).  In addition, the data for Escanaba Trough shows a

substantial increase in volcanic grains up the stratigraphic section (i.e., opposite to the temporal

trend for Astoria Fan).  Both of these results are difficult to reconcile with data of Scheiddeger et

al. (1973), who recognized two heavy minerals at DSDP Site 174.  The Quaternary heavy

minerals are more diverse and match a Columbia River source, but an amphibole-rich

petrofacies (Pliocene) was seemingly derived from either the Klamath Mountains of southern

Oregon or Vancouver Island.  In Escanaba Trough, a similar down-hole increase in amphibole

and depletion of ortho- and clinopyroxene is now thought to be a consequence of diagenesis

instead of shifting provenance (Zuffa et al., 2000).

Regional System of Sediment Dispersal

A fully integrated and unequivocal descriptive model of sand and mud dispersal

throughout Cascadia Basin remains elusive.  Quaternary sand from Astoria Fan is broadly

similar to what we recovered during ODP Leg 168 (Fig. 15).  On the other hand, clay-mineral

suites from the Columbia River contain substantially more smectite (>50%) than do mud

samples from the Leg 168 sites (<10%).  Perhaps bedload transport was decoupled from the

finer suspended load. Surface currents spread the suspended Columbia River discharge toward

the north during the winter, but the plume is either diluted or redirected as it reaches the
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Washington slope and the northwest portion of Cascadia Basin (Carson and Acaro, 1983).

Most of the coarse-grained Columbia River sediment, conversely, is funneled through Quinault,

Willapa, and Astoria Canyons and then directed south across the Astoria Fan system.

Based on assessments of bathymetry and sand composition, we conclude that the

Columbia River watershed was not the principal source for Pliocene and Pleistocene sediments

in the northwest Cascadia Basin.  We favor, instead, a mixed provenance with contributions

from Vancouver Island, the Olympic Peninsula, and perhaps western British Columbia via the

Fraser River and Straight of Juan de Fuca.  Lithologic similarity throughout those watersheds

evidently combined with the effects of glacial homogenization and post-glacial recycling to blur

site-specific provenance fingerprints. The notion of a mixed provenance near 48¡N does not

preclude occasional incursions of Columbia River sediment during unusually large discharge

events, particularly the jokulhlaups outbursts that were triggered by late Wisconsinian

deglaciation (Waitt, 1985; Atwater, 1986; Brunner et al., 1999; Zuffa et al., 2000).  Additional

refinements of the provenance interpretation will require more sophisticated geochemical

tracers.

Several overlapping pathways probably carried turbidity currents into the northern part of

Cascadia Basin.  The first path begins with small submarine canyons that are incised into the

western margin of Vancouver Island and continues via Vancouver Valley (Fig. 1).  Considering

the location of the Leg 168 sites, and the north- to northeast-striking fabric of basement

structures, most of the sandy sediments probably were transported southward through the

Vancouver Valley and Juan de Fuca Channel system.  This interpretation is supported further

by the seismic-reflection expression of small channel-levee features within the HT transect

(Shipboard Scientific Party, 1997b).  Suspended sediment moving along this route should be

depleted in detrital smectite and enriched in detrital chlorite.

The second main pathway for sediment to reach the ridge flank is through Barkley,

Nitinat, and Juan de Fuca Canyons, all of which discharge near the apex of Nitinat Fan (Fig. 1).
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These canyons connect upstream to the Strait of Juan de Fuca, and their discharge transports

material around the northern margin of the fan.  Nitinat Valley directs turbidity currents westward

into Vancouver Valley just north of Sites 1026 and 1027 (Fig. 1). Another contribution,

compositionally indistinguishable from the Nitinat Valley input, might be unconfined turbidity

currents that spread across the northern part of Nitinat Fan.  At the northwestern fan fringe,

such sheet flows would either spill into Vancouver Valley or deflect toward the south in response

to the basement fabric.  The suspended component of this west-directed delivery system should

be more heterogeneous due to mixing among several sources and seasonal shifts in surface

currents (e.g., Karlin, 1980).

Evolution of Turbidite Systems on the Ridge Flank

Stratigraphic correlation of packets and individual beds of sand within abyssal-plain

turbidite sequences can be straightforward using such criteria as color, texture, geochemical

composition, fossil assemblages, and approximate position in the sequence (e.g., Pilkey et al.,

1980; Pearce and Jarvis, 1992; Rothwell et al., 1992; Weaver et al., 1992).  Such is not the

case for depositional sites on the eastern flank of Juan de Fuca Ridge (see also Carson and

McManus, 1971).   This lack of stratigraphic uniformity was caused by marked temporal and

spatial changes in sediment influx and seafloor morphology.  Contributing factors within the

basin include thermal subsidence of the lithosphere, normal faulting, local foci of constructional

volcanism, and the tendency of sediment-gravity flows to funnel between or deflect around

bathymetric obstructions.  The three-dimensional morphology of the seafloor changed

dramatically during the past 3.5 my as juvenile lithosphere subsided and moved away from the

spreading center.  As each basement low filled with sediment, gradual smoothing of the seafloor

reduced the amount of forcing exerted by the landscape on the pathways of unconfined sheet

flows and channel-levee complexes.  This dynamic link between sedimentation and submarine

geomorphology helps account for the large spatial and temporal differences in total

accumulation rates among the drill sites.
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Migration of depositional centers, however, did not follow a simple pattern of east-to-

west progradation and onlap. Within the HT transect area, rates of turbidite sedimentation

increased upsection at Sites 1023 and 1024 but decreased upsection at Site 1025 (Fig. 6).  The

shortest recurrence interval for turbidity currents within the RB transect (Fig. 8) occurred within

time interval B (0.09-0.28 Ma), whereas the most rapid infilling of the BB transect area (Fig. 7)

took place earlier during interval C (0.28-0.46 Ma). The shortest recurrence interval was 676

years (interval A at Site 1023), but in most cases the average frequency of occurrence was one

turbidite every 1000 to 2000 years.  These statistics compare reasonably well with data from the

more proximal parts of Cascadia Basin (including Cascadia Channel), which has been affected

by 13 turbidity currents (Adams, 1995) since deposition of the Mazama ash layer approximately

7600 years ago (Zdanowicz et al., 1999).  During the Holocene highstand of sea level, large

subduction-related earthquakes provide the main triggering mechanism for turbidity currents

(Adams, 1995).  During Pleistocene lowstands and early stages of deglaciation, however,

canyon heads and shelf environments almost certainly were affected by other triggers such as

large storm waves, seaward-directed storm surges (e.g., Nelson, 1982; Duke, 1985; Cheel and

Leckie, 1993), and hyperpycnal discharge from rivers, glaciers, and glacial lakes (Mulder and

Syvitski, 1995).

Our inter-site comparison shows very clearly that turbidite delivery into to the

northwestern edge of Cascadia Basin shifted in unpredictable ways.  Working on a finer time

scale, Carson and McManus (1971) encountered similar difficulties in trying to correlate among

individual turbidites and packets of turbidites in piston cores.  Small-scale (1-2 km) horizontal

facies changes are more marked in channel than inter-channel environments.  Over longer time

periods, channel switching, patchy overbank flooding, and channel abandonment were

responsible for substantial shifts in depocenters.  The most vigorous phase of sand deposition

at Site 1027, for example, occurred during the interval between 0.28 and 0.09 Ma (Fig. 8), when

a channel-levee complex of substantial size (proto-Vancouver Valley?) flowed through the RB
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transect area.  Rates of sedimentation decreased within that locality during the past 90,000

years. Another contributing factor might have been periodic reflection or remobilization of gravity

flows off the nearby ridges.  In some cases, flow reflection probably resulted in duplication of

sand/silt deposits during a single transport event.  Debris-flow deposits are also common within

unit IA at Sites 1026 and 1027.  We attribute those depositional events to local intrabasinal

remobilization of sand and mud along the flanks of the adjacent ridges.

The effect of seafloor relief on the dynamics of a turbidity current is impossible to predict

or model in detail without knowing the corresponding values of all of the governing physical

parameters (i.e., speed, density, thickness, frictional coefficients, seafloor gradient).

Furthermore, deposits of turbidite sand have been documented at heights of several hundred

meters above abyssal floors (e.g., Damuth, 1979; Damuth and Embley, 1979; Dolan et al.,

1989; Garcia and Hull, 1994). The ability of any individual turbidity current to flow over the top of

a bathymetric obstruction is dictated largely by the balance between flow thickness and ridge

height (Underwood, 1991). Flow stripping will detach a currentÕs entrained layer if its thickness

exceeds the ridge height (Piper and Normark, 1983).  The maximum elevation of upslope flow

(i.e., a true vertical shift in center of gravity) is approximately 1.5 times the flow thickness (Muck

and Underwood, 1989).  If ridge height exceeds the distance of upslope transfer, then turbidity

currents are deflected or reflected (Pantin and Leeder, 1987; Kneller et al., 1991; Pickering et

al., 1992).  When these mechanical responses are considered in total, we conclude that each

Cascadia turbidity current must have adjusted to the rugged landscape of its flow path under its

own unique set of circumstances as it moved toward the distal edge of the basin.  The net result

is an unusually patchy record of turbidite deposition.

High-resolution seismic reflection data provide additional evidence for shifts in focused

turbidite input and inconsistent accumulation rates (Zuhlsdorff and Spiess, 2001). The time-

transgressive facies change between units IA and IB, for example, cannot be matched with a

single seismic reflector.  Changes in reflection amplitude indicate a gradual decrease in grain



24

size from Site 1024 toward Site 1025, consistent with the upper two intervals of the coring

record.  In general, reflection character is more uniform within younger parts of the seismic

section, but only one reflector can be traced across the basement ridge that separates Site

1025 from the BB transect (Fig. 4).  The estimated depth of Òreflector AÓ is 21 m at Sites 1024

and 1025, and 25 m at 1028.  This interpretation is at odds, however, with the biostratigraphic

data of Su et al. (2000), which place the 90,000-year datum above Òreflector AÓ at 1025 but

below Òreflector AÓ at 1024 and 1028.  Echo character above Òreflector AÓ also changes across

the intervening basement ridge.

Seismic-reflection data reinforce the idea that only the most exceptional events were

large enough to spread sediment across the entire floor of the Leg 168 study area.  The turbidite

record is, instead, extremely patchy and inconsistent even within regions of relatively low

basement relief. Reconstruction of exactly how and why each of the ephemeral depocenters

waxed and waned is beyond the resolution and spatial coverage of our existing data.  We can

say, however, that complexities of the turbidite record in this type of depositional environment

render lithostratigraphic correlation and subsurface projections of facies units unreliable without

detailed borehole control and biostratigraphy.

Sediment Compaction and Hydrogeology

Differences in depositional processes and accumulation history among the Leg 168 sites

resulted in concomitant variations in sediment compaction and dewatering.  To begin with, initial

porosity values for true hemipelagic specimens (i.e., from slow vertical settling) are significantly

higher than values for the muddy tops of turbidites, even though their color, visual texture, grain-

size characteristics, and mineralogy are indistinguishable (Giambalvo et al., 2000).  The

hemipelagic mud contains more foraminifers relative to turbidite mud, and their grain

orientations are random to subvertical as revealed by scanning electron microscopy. Random

grain orientations indicate settling as fecal pellets and/or flocculated aggregates. In contrast, the

turbidite muds show systematic bed-parallel alignment of phyllosilicates in response to bed-
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parallel shear during the waning stages of gravity flow. Interbedding between these two types of

mud, with similar texture and mineralogy but contrasting initial grain fabrics, helps explain why

porosity values are so scattered within the upper 150 m of each sediment column (Fig. 10B).

One of the more intriguing dynamics of the ridge flank environment is the shift from a

hydrologically open basement to a sealed basement.  The resistance of a sediment’s

intergranular pore space to fluid flow controls the degree to which underlying basement and

overlying ocean remain coupled (Karato and Becker, 1983; Fisher et al., 1994; Snelgrove and

Forster, 1996).  The degree of this hydrologic coupling affects many other important processes:

the transition from advective to conductive heat flow (Sclater et al., 1976; Stein and Stein,

1994); the nature of hydrothermal alteration of the crust (Alt et al., 1986); the evolution of crustal

properties such as seismic velocity (Jacobson, 1992); and the oceanic mass balance of crustally

reactive elements such as magnesium (Mottl and Wheat, 1994).

With one exception (Site 1027), the type of Cascadia sediment in contact with igneous

basement is hemipelagic mud (unit II). As the total sediment column gradually thickens above

that basal hemipelagic layer, compaction transforms a carpet of what had been highly porous

and permeable mud into a relatively impermeable seal. Exactly when this happened at each site

is uncertain, but we know from geochemical evidence that the upflow of fluids remains active at

Sites 1030 and 1031 at an estimated rate of ~2 mm/yr (Shipboard Scientific Party, 1997a). Fluid

overpressures appear to be approximately 5 kPa at the basement/sediment interface

(Giambalvo et al., 2000).  Evidently, the total overburden at Sites 1030 and 1031 is still too thin

(<45 m) to collapse the pore fabric of the basal mud unit.

Porosity values at the two seepage sites are higher (by ~7%) than values for either

turbidite or hemipelagic mud from comparable depths (<45 mbsf) at the seven no-flow sites

(Fig. 10D). Random hemipelagic grain fabric throughout the zones of upflow probably promotes

retention of the higher porosity, and the effect of this fabric translates into a ten-fold increase in

permeability.  In addition, modeling indicates that hemipelagic mud of unit II should be able to
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maintain geochemically detectable flow (>0.1 mm/yr) to a threshold burial depth of 150 mbsf,

assuming an overpressure of 5 kPa (Giambalvo et al., 2000).  At each no-flow site, burial of unit

II to depths of 100-150 mbsf depends upon the accumulation of turbidites.  Thus, even though

turbidite texture and grain fabric are probably insignificant variables in the overall system of

crustal hydrology, the turbidite section does play a governing role by rapidly increasing the

lithostatic load which collapses the basal unit of hemipelagic mud and seals the basement from

communication with ocean bottom water.

CONCLUSIONS

The turbidite deposits of northwestern Cascadia Basin are atypical and enigmatic in

many respects due to their close proximity to an active mid-ocean ridge.  The architecture of the

depositional system has been molded, in part, by allocyclic forcing (e.g., uplift of source terrains,

glaciation, earthquakes), but the seafloor’s morphology also evolved in response to a

combination of intrabasinal factors, including thermal subsidence, normal faulting, constructional

volcanism, and autocyclic adjustments of individual turbidity currents.

Interpretations of sediment provenance and dispersal patterns remain imprecise.  Sand-

sized grains from turbidites are compositionally homogeneous, both within and among the Leg

168 sites.  Average detrital modes are Q = 35, F = 35, L = 30; Qm = 46, P = 49, K = 5; Qp = 15,

Lv = 44, and Lsm = 41.  The generic tectonic provenance for these sands was a dissected

magmatic arc mixed with surrounding polymictic terranes.  Watersheds with these lithologic

characteristics are ubiquitous within the western Cordillera.

Average clay mineral abundances for mud deposits are smectite = 8%, illite = 40%, and

chlorite + kaolinite = 52%.  Clay-mineral sources probably included igneous, metamorphic, and

sedimentary rocks, plus reworked glacial deposits.  These relatively low contents of detrital

smectite contrast sharply with discharge from the Columbia River.  We attribute the erratic
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stratigraphic changes in clay mineralogy to surface currents, near-bottom nepheloid clouds, and

low-density turbidity currents that converged from several directions.  In addition, subtle

changes in clay minerals were probably imparted by cycles of glacial vs. interglacial weathering.

We suggest that the main detrital sources were located near the western margin of

Vancouver Island.  Much of the sediment moved south through Vancouver Valley and Juan de

Fuca Channel (and their fossil equivalents).  Detritus from southern Vancouver Island and the

Olympic Peninsula (and perhaps the Fraser River drainage) also approached Cascadia Basin

via the Strait of Juan de Fuca.  Turbidity currents and nepheloid-layer suspensions flowed down

Barkley, Nitinat, and Juan de Fuca Canyons, spread over the northern apex of Nitinat fan, then

merged and mixed with discharge from the north.

Recurrence intervals for the turbidity currents that managed to enter the ridge flank

environment were highly variable, ranging from approximately one every 675 years to one per

27,000 years.  We attribute this spatial and temporal shifting of depocenters to the combined

effects of gradual thermal subsidence, rugged basement relief, reflection and deflection of flows

off bathymetric highs, intrabasinal slides and debris flows, flow stripping, channel switching and

abandonment, and patchy overbank flooding.

Turbidites also play a vital role in the regional hydrogeology of Cascadia Basin by

providing the overburden necessary to collapse the grain fabric of a basal hemipelagic mud unit.

Sites with less than 50 m of total sediment remain open to the upflow of porewater.  Burial of the

sediment-basalt contact to depths of 100-150 is required to seal the fractured igneous crust

from hydrologic communication with ocean bottom water.
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FIGURE CAPTIONS

Figure 1. Physiography of the Cascadia Basin region (after Karl et al., 1989).  Bold numbers

refer to previous drill sites of the DSDP and ODP.  Heavy line with teeth represents approximate

position of the Cascadia subduction front and eastern edge of Cascadia Basin.

Figure 2. Magnetic-anomaly base map for Leg 168 study area with locations of drill sites

assigned to the Hydrothermal Transition, Buried Basement, and Rough Basement Transects

(after Shipboard Scientific Party, 1997a).  Ages of magnetic polarity transitions are given in Ma.

See Figure 1 for regional context of study area.

Figure 3. Lithostratigraphy of the Leg 168 drill sites.  Ages of basaltic basement (from Shipboard

Scientific Party, 1997a) are provided in Ma.

Figure 4. Cross section through Leg 168 drill sites showing basement topography and sediment

cover across the eastern flank of the Juan de Fuca Ridge (after Shipboard Scientific Party,

1997a).

Figure 5. Seismic reflection profile along which the Hydrothermal Transition drilling sites were

located (from Shipboard Scientific Party, 1997b).  Note the irregular seafloor morphology

created by small channels.
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Figure 6. Number of turbidites (n) and turbidite recurrence intervals (RI) for the Hydrothermal

Transition transect, ODP Sites 1123, 1124, and 1125.  Age constraints for each time interval

(Ma) are from Su et al. (2000). Rates of sediment accumulation (cm/Ky) have not been

corrected for compaction.

Figure 7. Number of turbidites (n) and turbidite recurrence intervals (RI) for the Buried

Basement transect, ODP Sites 1128 and 1129.  Age constraints for each time interval (Ma) are

from Su et al. (2000). Rates of sediment accumulation (cm/Ky) have not been corrected for

compaction.

Figure 8. Number of turbidites (n) and turbidite recurrence intervals (RI) for the Rough

Basement transect, ODP Sites 1126 and 1127.  Age constraints for each time interval (Ma) are

from Su et al. (2000). Rates of sediment accumulation (cm/Ky) have not been corrected for

compaction.

Figure 9. Cross plots of mean grain size (µm) versus index properties of sediment (bulk density,

porosity, void ratio, and water content) as determined by shipboard measurements of samples

from all sites cored during Leg 168 (Shipboard Scientific Party, 1997b, 1997c, 1997d).  Values

of mean grain size are based on quartile measures and apply only to the size fractions (<63 µm)

that were analyzed by SediGraph (see Cavin et al., 2000).  Note the separation of compaction

responses for sand/silt turbidites and hemipelagic muds.

Figure 10. Depth profiles of sediment porosity as determined by shipboard measurements of

samples from all sites cored during Leg 168 (Cavin et al., 2000). A. Complete compilation of

data from no-flow sites (Sites 1023—1029), without segregation by lithology. A single compaction

curve follows the form n = azb. Note the shift to a linear compaction gradient at ~200 mbsf. B.
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Comparison of porosity trends for sand and mud lithologies within the upper 150 m at the no-

flow sites. Turbidite sands become increasingly sparse below 120 mbsf. C. Comparison of

porosity trends for sand and mud lithologies within the upper 42 m at the no-flow sites. D.

Comparison of porosity trends for mud lithologies within the upper 42 m at the upflow sites

(Sites 1030 and 1031) vs. the no-flow sites. The upflow sites contain mostly hemipelagic mud,

whereas the no-flow sites at the same depths contain both hemipelagic and turbidite mud.

Compaction curves for the two data sets show a shift of ~7% porosity.

Figure 11.  Area plots showing depth variations in total detrital modes for turbidite sands from

the Leg 168 drilling sites.  Dashed lines with numbers are ages (in Ma) of nannofossil datums

(From Su et al., 2000). Q = total quartz; F = total feldspar; L = unstable lithic fragments.  See

Underwood and Hoke (2000) for data tables.

Figure 12. Area plots showing depth variations in polycrystalline detrital modes for turbidite

sands from the Leg 168 drilling sites.  Dashed lines with numbers are ages (in Ma) of

nannofossil datums (From Su et al., 2000). Qp = polycrystalline quartz; Lv = volcanic-rock

fragments; Lsm = sedimentary-rock and metasedimentary-rock fragments.  See Underwood and

Hoke (2000) for data tables.

Figure 13. Depth variations in relative abundance of smectite, illite, and chlorite + kaolinite (<2

µm size fraction) for hemipelagic mud samples from the Leg 168 drilling sites (after Underwood

and Hoke, 2000).  See Figure 3 for depictions of lithologic units.  Dashed vertical lines

correspond to mean values for each mineral group.

Figure 14. Contrasts between relative abundance of smectite, illite, and chlorite + kaolinite (<2

µm size fraction) for sample pairs of hemipelagic mud and turbidite matrix, Sites 1023 through



31

1029.  Note that shifts in mineralogy are not systematic with respect to lithology.  See

Underwood and Hoke (2000) for corresponding data tables.

Figure 15. Ternary diagrams showing a comparison among mean detrital modes for sand

deposits from the Leg 168 study area (from Saettler, 1998), Site 174 of the DSDP (From

Marsaglia and Ingersoll, 1992), and Site 177 of the DSDP (from Gergen and Ingersoll, 1986). Q

= total quartz; F = total feldspar; L = unstable lithic fragments; Qm = monocrystalline quarts; P =

plagioclase; K = potassium feldspar; Qp = polycrystalline quartz; Lv = volcanic-rock fragments;

Lsm = sedimentary-rock and metasedimentary-rock fragments; Lm = metamorphic rock

fragments.  Boundaries for tectonic provenance fields are from Dickinson and Suczek (1979),

Dickinson et al. (1983), and Ingersoll and Suczek (1979).
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Anhang J:

In-situ-Messungen der elektrischen Leitfähigkeit
mariner Tiefseesedimente, Beispiele aus dem

Cascadia-Becken

(D. Jansen)

Diplomarbeit, 17.5.2002
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Abstract: (400 words or less)

We propose a multidisciplinary research program to evaluate the formation-scale hydrogeologic
properties (transmission, storage) within oceanic crust; determine how fluid pathways are
distributed within an active hydrothermal system; establish linkages between fluid circulation,
alteration, and geomicrobial processes, and determine relations between seismic and hydrologic
anisotropy. We will accomplish these goals through replacement of two existing subseafloor
observatories penetrating the upper crust, and through drilling two new holes (600 m and 200 m
into the crust) that will be cored, sampled, instrumented, and sealed. We will conduct the first
multi-dimensional, cross-hole experiments attempted in the oceanic crust, including hydrologic,
microbiological, seismic, and tracer components. After completion of drill-ship operations, we
will initiate multi-year tests using this network of subseafloor observatories, allowing us to
examine a much larger volume of the crustal aquifer system than has been tested previously. By
monitoring, sampling, and testing within multiple depth intervals, we can evaluate the extent to
which oceanic crust is connected vertically and horizontally; the influence of these connections
on fluid, solute, heat, and microbiological processes; and the importance of scaling on
hydrologic properties. We propose to complete this work where (1) thick sediment cover isolates
permeable basement, allowing small pressure transients to travel long lateral distances, (2)
outstanding coverage of seismic, heat flow, coring, geochemical, and observatory data allow
detailed hypotheses to be posed and tested, (3) existing ODP drill holes and long-term
observatories provide critical monitoring points for pre- and post-drilling experiments, (4) the
formation is naturally overpressured so as to drive multi-year, cross-hole experiments (5) and a
planned, cabled seafloor observatory network will facilitate long-term experiments, data access,
and instrument control. Alternate sites are proposed within a shallow hydrothermal upflow zone,
and in deeper basement areas where the crust is more mature. This work will elucidate the
nature of permeable pathways in the crust, the depth extent of circulation, the importance of
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permeability anisotropy, and the significance of hydrogeologic barriers in the crust. We will
learn where viable microbiological communities live, and how these communities cycle carbon,
alter rocks, and are influenced by flow paths. We will quantify lateral scales over which solute
transport occurs, the extent of flow channeling and mixing in the crust, and how these processes
relate to rock structure and fabric. We will determine how to relate seismic velocities and
velocity anisotropy to hydrogeologic properties.

Scientific Objectives: (250 words or less)
Second Ridge (first priority): Drill at Site SR-1, 1000 m SSW of ODP Site 1026, where sediment thickness is 260-
275 m. Core into basement upper basement and set casing, then penetrate 600 m into basement. Log, packer, VSP,
and CORK Hole SR-1A to isolate multiple levels in basement. Drill at Site SR-2, 200 m SSW of Site 1026, and 800
m NNE of Site SR-1. Operational plan is identical to that at SR-1, except that (1) basement penetration will be 200 m,
and (2) we will conduct a long-term hydrogeologic and tracer experiment by pumping into Hole SR-2A for 24 hours.
Monitor pressures and chemistry at nearby holes. CORK Hole SR-2A and allow to equilibrate. Open seafloor valves
post-drilling to initiate multi-year hydrologic and microbiological test, using natural overpressure to generate pressure
perturbation.
First Ridge (second priority): Drill one to three holes into hydrothermal upflow zone, where the extent and
significance of basement alteration, and the likely nature of along-strike hydrothermal recharge, can be evaluated.
Sediment thickness is 40-70 m and basement penetration will be 0-40 m.
Deep Ridge (second priority): Drill into deeply-buried basement ridges, 125-145 km from the spreading center,
where basement temperatures may approach and exceed 100 °C, to evaluate the influences of hydrothermal
circulation on crustal evolution and microbiology. Sediment thickness is 500-900 m and basement penetration will be
20-50 m.
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 I. Introduction, Motivation, and Background

Thermally-driven fluid circulation through oceanic lithosphere profoundly influences the

physical, chemical, and biological evolution of the crust and ocean. Although much work over the

last 30 years has focused on hot springs along mid-ocean ridges, global advective heat loss from

ridge flanks (crust older than one million years) is more than three times that at the axis1, and the

ridge-flank mass flux is at least ten times as large2. Ridge-flank circulation generates enormous

solute fluxes, profoundly alters basement rocks, supports a vast subseafloor biosphere, and

continues right to the trench, influencing the thermal, mechanical, and chemical state of subducting

plates3,4. These processes cross-cut all three primary themes motivating the Initial Science Plan for

IODP. With IODP operations poised to begin, it is time to begin a new class of experiments

designed to resolve the fundamental nature of fluid pathways in the crust and the dynamic

influences of fluid circulation on Earth evolution.

Despite the importance of fluid processes in the crust, little is known about: the distribution of

hydrologic properties; the extent to which crustal compartments are well-connected or isolated

(laterally and with depth); linkages between ridge-flank circulation, alteration, and geomicrobial

processes; or quantitative relations between seismic and hydrologic properties. We propose a

multidisciplinary research program to address these questions, and also to address topics of

fundamental interest to a broad community of hydrogeologists working in heterogeneous water-rock

systems: the nature and significance of scaling phenomena, and applicability of equivalent porous-

medium representations of discrete, fracture-flow processes. This project adheres to the �Cascade of

Scientific Drilling� outlined in the COMPOST II report, through linked pre-drilling, drilling, and

post-drilling experiments, and follows numerous recommendations made by the ODP

Hydrogeology PPG. The proposed work also dovetails with plans underway to establish a cabled

network of seafloor observatories across the Juan de Fuca Plate

The primary 545Full project plan has not changed during several rounds of review and revision,

but the proposal has been modified in response to panel and reviewer comments and as a result of

site surveys. Section II of this proposal describes the setting and summarizes recent results. Section

III introduces primary and secondary drilling targets and program goals. Section IV describes

proposed experiments in greater detail. The final sections discuss time requirements, drilling

conditions, safety, scheduling, and relations with other research programs.

II. The Eastern Flank of Juan de Fuca Ridge

A. Geological Setting. The Endeavour segment of the Juan de Fuca Ridge (JFR) generates

lithosphere west of North America (Fig. 1). Topographic relief produces barriers to turbidites from

the continental margin, resulting in the accumulation of sediment burying the eastern flank of the

JFR within Cascadia Basin. Oceanic basement is exposed to the west, where the crust is young, and

the sedimented seafloor is relatively flat to the east, except over seamounts.
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guide hydrothermal recharge and discharge.
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proposed SR, FR, and DR drilling sites. A. 

Cartoon interpretation of seismic data along 

Leg 168 drilling transect, showing sediment 
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existing (thin, solid lines) and proposed 

(thick, dashed lines) holes. B. Measured 
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concentrations from uppermost basement 

pore fluids and apparent 14C ages of these 
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Basement relief is dominated by linear ridges and troughs, produced by faulting and variable

magmatic supply. Basement relief is relatively low (±100-200 m) near the ridge, and higher (±300-

700 m) to the east (Fig. 2). Low-permeability sediment limits advective heat loss, leading to strong

thermal, chemical, and alteration gradients in basement.

B. Previous Work. ODP Leg 1685 was preceded by numerous surface-ship and submersible

programs6-9 that were essential for ODP planning. ODP Leg 168 completed an 80-km transect

across three distinct hydrothermal environments (Fig. 2). The �HT� area spans a Hydrothermal

Transition zone between hydrologically open and sedimented crust, documenting strong lateral

gradients in basement temperatures, water compositions, and crustal physical properties10,11. In the

�RB� area, Rugged Basement topography, large variations in sediment thickness, and isolated

outcrops influence patterns and rates of fluid flow in basement. The hydrothermal circulation

documented here is broadly representative of that occurring where crustal topographic relief is

partially or completely filled in by sediments12,13. The �BB� area spans a region of Buried Basement

where continuous sediment cover prevents local fluid and thermal exchange. Borehole (CORK)

observatories were installed at HT Sites 1024 and 1025 and RB Sites 1026 and 1027 14,15. Basement

waters collected from Hole 1026B are chemically similar to fluids venting from nearby outcrops8,16.

Hydrogeologic results from Leg 168 include (Fig. 2): large lateral gradients in fluid

temperatures, compositions, and ages in upper basement with distance from the ridge axis; and

local, thermal, and chemical homogeneity between adjacent sites. Extensive, across-strike

advection in the upper crust may be inferred from these overall trends10,17, and suggests very high

formation permeability. This interpretation is consistent with CORK observations indicating

extreme transport properties and high rates of fluid flow14,15. Packer and open hole experiments also

indicate high permeabilities in uppermost crust, and a systematic evolution in crustal permeability

with age. However, there are large differences in permeability estimated with different methods,

likely resulting either from differences in fundamental measurement and analytical assumptions or a

scale effect18-22.

There is also geochemical and thermal evidence for along-strike fluid flow, perhaps related to

abyssal hill topography and associated faulting. Site 1026 is located along the same basement ridge

and about 8 km from Baby Bare and Mama Bare outcrops (Fig. 3). Fluids collected from shallow

sediments, Baby Bare springs, and Hole 1026B indicate increased water-rock interaction from south

to north11, and the young 14C age of Hole 1026B water (4-5 ka) suggests that it is chemically distinct

from older fluid to the west10. Geochemical and thermal data suggest that Baby Bare springs

recharge through basement more than 50 km south at Grizzly Bare outcrop23. Although basement

fluids from Sites 1030 and 1031 are also young (Fig. 2), they interacted chemically with basement

as extensively as much warmer fluids to the east, and are chemically distinct from laterally-flowing

fluids to the west5,10,11. There are also important differences in composition between fluids from
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Baby Bare and Site 1027 24, providing additional evidence for distinct hydrologic systems within

shallow basement.

ODP Hole 1026B yielded some of the first direct microbiological observations of ridge-flank

fluids. Rock and fluid samples collected during Leg 168 indicated the possible presence of

microbes25,26, and a �Biocolumn� experiment assessed microbial biomass and diversity in fluids

venting from a CORK�ed hole. Cells collected from the Biocolumn included bacteria and archaea,

comprising nitrate reducers, thermophilic sulfate reducers, and thermophilic fermentative

heterotrophs27.

C. Remaining Questions. ODP Leg 168 examined sediments and uppermost igneous crust (≤50 m

into basement), as the first part of a multi-leg drilling program. With key results from this initial

effort in hand, the goals and benefits of deeper drilling and longer-term experiments are clear.

Earlier studies revealed high effective permeability and large rates and lateral scales of flow in

shallow basement, but provided little information on the nature of permeable pathways, the depth

extent of circulation, the importance of permeability anisotropy, or the significance of

hydrogeologic barriers in the crust. We know that there are viable microbiological communities

within uppermost crust, but not how they relate to flow paths or rock alteration. We don�t know the

concentration or nature of nonliving organic matter within crustal fluids, or how this material

influences ocean carbon cycling. We don�t understand the scales over which solute transport occurs

in basement rocks, or how transport and mixing relates to rock structure and fabric. We don�t know

how to relate seismic velocities and velocity anisotropy to hydrogeologic properties. These and

other questions will be addressed through proposed drilling and related experiments.

D. Why work on the Juan de Fuca eastern flank? The Juan de Fuca eastern flank is presently the

best place to leverage existing data sets and borehole observatories, and thus to resolve first-order

questions of crustal hydrogeology and evolution. The study area contains structural features

common to all ridge flanks: extrusive igneous basement overlain by sediments, abyssal hill

topography, high-angle faulting, and basement outcrops. While the specific sites we propose to

investigate may not be typical of all ridge-flank settings (higher than average sedimentation rate,

younger buried basement, stronger lateral gradients in pressure and temperature), the field area is

ideal, in part, because of these extreme conditions. High gradients result in strong signals that rise

above natural and experimental noise. The high sedimentation rate allows us to work on crust that is

much younger than we could study otherwise, providing indications of ridge-crest as well as ridge-

flank properties, and allowing study of sites in different hydrologic settings that are spatially close

together. Because many experiments have been completed in this area (seismic, thermal,

geochemical, surface/borehole), we can �calibrate� and compare interpretations based on different

methods. Finally, the 545Full3 operational area will likely soon be part of a regional cabled

observatory network allowing both real-time data access to and control of active, long-term

experiments.
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Many of the first-order problems we propose to address are essentially unconstrained anywhere

in the oceanic crust. These experiments could not be properly sited and planned, nor completed with

the modest level of effort described herein, anywhere else in the world at present. In any other

setting, extensive site surveys and significantly more drilling would be required in order to achieve

the same scientific goals, and without knowing in advance the subsurface thermal, chemical, and

hydrologic conditions, attempting these experiments would be much riskier. Ultimately,

experiments like these must be completed in several settings, but the eastern flank of Juan de Fuca

Ridge is the best place to start.

III. Proposed Drilling Sites and Experiments

Our highest priority sites are those on the Site 1026 ridge (Second Ridge: SR), where drilling of

two new holes into basement, offset by 0.2-2.4 kilometers from existing CORK observatories, will

allow evaluation of basement alteration, microbiology, solid and fluid chemistry, and crustal-scale

properties. We also propose to drill into an upflow region on the first buried basement ridge, where

the extent and significance of alteration, and the likely importance of along-strike hydrothermal

flow, can be evaluated. Finally, we propose drilling into deeply-buried basement 125-145 km from

the spreading center, where basement temperatures approach and exceed 100 °C, to evaluate the

continuing influences of hydrothermal circulation on microbiology, fluid chemistry, and crustal

evolution. All sites present exciting opportunities, but only SR drilling will allow the crustal-scale,

cross-hole. multidisciplinary experiments at the heart of this proposal. The other sites (First Ridge:

FR; Deep Ridge: DR) provide outstanding, second-priority opportunities of various durations (5-24

days).

A. Second Ridge Area (SR-1 and SR-2). SR sites are located on 3.5 Ma crust over a buried

basement ridge (Fig. 3). Experiments proposed at these sites will resolve the distribution and

properties of distinct hydrothermal systems within the crust, and reveal how hydrologic

compartmentalization relates to constructional, tectonic, alteration, microbial, and seismic processes

and properties. Hydrologic layers are often assumed to be associated with lithologic and seismic

layers, but these associations have never been rigorously tested. We don�t know what fraction of

hydrologically-active crustal layers actually transport most solutes, fluids, and heat, nor how fluid

chemistry and microbiological communities are stratified in the crust.

We propose to replace existing CORK systems at Sites 1026 and 1027, drill two new basement

holes along the second buried basement ridge and conduct short-term and long-term experiments.

New holes will be cored, logged, sampled, and tested. We will deploy two kinds of multilevel

CORK systems in the new holes to assist in isolation, measurement, and sampling of distinct

basement levels. We will determine properties within these intervals and between boreholes at

scales of meters to kilometers, using CORK installations as monitoring points. In addition to
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facilitating three-dimensional hydrologic and geophysical experiments, this approach offers the best

opportunities for multilevel fluid and microbiological sampling.

Second Ridge Drilling Strategy. Hole SR-1A will be located ~1000 m SSW of Site 1026 (Fig. 3),

where sediment thickness is 260-275 m. Single-hole operations at SR-1 will prevent short-circuiting

of the sediment layer during hydrologic experiments. A reentry cone will be installed, and

continuous rotary coring (RCB) will commence through the cone. Temperatures will be measured

and sediments sampled for microbes and fluid chemistry, with highest-resolution sampling near the

basement interface. Coring will continue 20-30 m into basement, and the hole will be reamed,

allowing installation of casing into uppermost basement. Rotary coring will continue to 600 m into

basement, the approximate depth of a seismic transition interpreted to represent a constructional and

hydrologic boundary28. The nature and extent of alteration within the upper crust will be carefully

documented. The hole will be logged using conventional tools (density, resistivity, sonic, formation

micro-scanner) and a borehole televiewer (BHTV), to delineate fine-scale lithostratigraphy,

alteration patterns, and fracture distribution. If the hole produces fluids during drilling operations,

samples will be collected in the open hole. Packer experiments will be run in straddle mode, to

evaluate near-hole permeability distribution within distinct crustal intervals, and a multilevel

Advanced CORK (A-CORK) will be installed to isolate 3-4 crustal intervals housing independent

sensors and fluid samplers. This will comprise the first attempt to resolve vertical variations in

crustal hydrologic properties and associated hydrothermal, geochemical, and biological activity.

The A-CORK will allow time-series sampling of discrete intervals and hydrologic testing across

vertical boundaries such as massive basalt flows, as well as passive monitoring of distinct depths

within the crust.

Hole SR-2A will be located ~200 m SSW of Site 1026, and ~800 m NNE of Site SR-1, where

sediment thickness is 250-260 m (Fig. 3). The drilling plan is similar to that at Site SR-1, but with

only 200 m of basement penetration. Greater basement penetration would be ideal, but we are

conscious of demands for ship time, and can achieve critical objectives with 200 m of basement

penetration at SR-2. This depth should be sufficient to acquire useful basement samples and logs,

allow assessment of basement alteration and physical state, and prepare for a multilevel CORK

(CORK-2) installation to isolate 2-3 vertical intervals (facilitating sampling and testing, include

fluid injection). We will collect conventional and BHTV logs, and conduct seismic experiments to

delineate crustal layering and anisotropy (Section IV-C). We will run the packer in straddle mode,

to evaluate the vertical distribution of permeable zones, then conduct a long-term packer

experiment. This test will be fundamentally different from any experiments completed previously

during DSDP or ODP, in three critical ways: (1) test duration, (2) test scale (including cross-hole);

and (3) fundamental integration of hydrologic, microbiological, geophysical, and geochemical

experiments.
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After setting the packer in basement, we will inject fluid for 24 hours. CORKs installed in

nearby Holes 1026B, 1027C, and SR-1A will allow the first controlled, multi-directional, cross-hole

hydrogeologic test in oceanic crust. The magnitude and timing of pressure responses detected at

three observation wells, located at different distances and in different directions from the pumping

well, will allow us to quantify crustal properties, including the nature of permeability anisotropy,

vertical and horizontal compartimentalization, and formation storativity (crustal and fluid

compressibility). Storativity can only be determined with confidence by using observation wells,

and is very poorly constrained in the oceanic crust at present (see Section IV-A). Results of earlier

studies14,15,20-22 indicate that significant pressure signals will be apparent in each of the observation

boreholes, even if properties are at the lower end of the interpreted ranges (Fig. 4). The potential

discovery that there is no hydrologic connection between these various sites would be a surprising

and important result, as it would require reinterpretation of past borehole hydrologic experiments

and invalidate numerous analytical and numerical models (since the aquifer would be shown to be

bounded and/or strongly anisotropic).

In addition to allowing cross-hole hydrogeologic testing, the fluids pumped into the seafloor

during packer testing will be spiked with inert tracers, allowing single-hole and cross-hole

geochemical tracer testing (Section IV-D). Samplers installed below CORK seals will provide

observation points for tracer experiments, collecting fluids for several years after CORK

installation. Results from tracer experiments will be combined with analysis of cross-hole

hydrologic and offset seismic experiments to elucidate the nature of permeable pathways.

Some of the proposed experiments could be attempted following drilling of a single new SR

hole (rather than two new holes), but this would greatly reduce the value of the tests. A single deep

borehole could be emplaced to isolate multiple vertical intervals, but pumping would need to occur

at Site 1026 or 1027, greatly reducing spatial sensitivity. Pumping from a single new well to

existing holes would result in testing of only the upper 10-40 m of basement intersected at Sites

1026 and 1027. Reducing the penetration of SR-1 similarly jeopardizes opportunities to evaluate

vertical heterogeneity and compartmentalization.

B. First Ridge Area (FR-1). This area on 1.4 m.y.-old crust is known to experience upward fluid

seepage at a few millimeters per year7. Leg 168 Sites 1030 and 1031 were positioned on the First

Ridge above a high-angle normal fault, with the hope that the fault might help guide hydrothermal

fluids. Heat flow above this ridge is locally elevated by up to 100% over that through surrounding

crust of the same age5,17, indicating that basement hosts vigorous convection. Measurements and

sampling during ODP Leg 168 revealed altered basal sediments and upper basement temperatures

on the order of 40° C, but basement fluid composition consistent with water-rock interaction at ~65-

70° C 5,10. In fact, basement fluid chemistry in this area is very similar to that at Baby Bare springs

and Site 1026, 60 km to the east8,10,11. Surprisingly, the 14C age of Site 1030/31 fluids is considerably
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younger than fluids at ODP Site 1025 to the west (Fig. 2). The young fluid age, and large

differences in fluid chemistry with respect to sites to the east and west, indicates that the fluid

reservoir below Sites 1030/31 is hydrogeologically distinct.

Zühlsdorff et al. noted seismic anomalies within shallow sediments in some areas along the First

Ridge, places where lateral continuity of seismic layers is disrupted, and modeled these as resulting

from abrupt differences in sediment porosity9,29. Seismic anomalies are commonly associated with

areas of seafloor seepage. ODP Leg 168 sediments from Sites 1030/31 have porosities and

permeabilities significantly greater than those of the surrounding sediments, but these properties are

consistent with deposition of normal hemipelagic material over local basement highs30. The

distribution of seafloor seepage can be explained largely by a combination of basement relief,

differential sediment thickness, heating from below, and variations in sediment properties31.

Site 1030/31 pore fluid appears to be upwelling through shallow sediments from a hydrothermal

system deeper than that inferred at nearby drilling sites. Greater fluid alteration probably indicates a

higher maximum temperature, followed by conductive cooling during fluid ascent. Observed 14C

dates preclude an alternative interpretation that Site 1030/31 basement fluids are simply older.

These fluids could not have recharged from areas of exposed basement 20 km to the west, on the

opposite side of the HT area, since their age and composition is inconsistent with flow along this

path. An alternative hypothesis is that these fluids recharged through seamounts23,32 to the north or

south of the Leg 168 transect, perhaps flowing in basement through permeability enhanced by an

along-strike crustal fabric.

Drilling a short series of shallow holes into First Ridge will allow testing of two separate (but

related) sets of questions: (1) What is the importance of along-strike versus across-strike fluid flow

in basement, and (2) what is the origin and significance of shallow seismic anomalies associated

with areas of seafloor seepage? Drilling will provide important information on the end-member

composition of reacted fluid, alteration within overlying sediments, the geochemical and physical

state of the altered basalt within an upflow zone, and the nature of the biological communities that

interact with the fluid, sediments, and basalt.

First Ridge Drilling Strategy. There are two approaches for drilling in the FR area: (1) piston

coring (APC) and the extended core barrel (XCB) will provide excellent recovery above basement,

and limited basement recovery (with a hard-formation XCB shoe); and (2) rotary coring (RCB) will

allow penetration into basement. We propose that two APC/XCB holes (FR-1A, FR-1B) be used to

recover the sediment section and uppermost basement (Figs 2 and 5), with hole locations selected to

penetrate inside and outside documented seismic anomalies (where seafloor seepage has been found

to occur and to not occur). An RCB hole will be planned where there is seepage, within a seismic

anomaly. Hole depths depend on sediment thickness (40-70 m). Sediments will be heavily sampled

for fluid chemistry and microbiology. The RCB hole will be continued for several cores into

basement. Basalt in this upflow area should be highly altered, and since this basement ridge is
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overpressured 30,31 and basement is permeable, a crustal hole should produce fluid once basement is

penetrated, potentially allowing fluid and biological sampling in the open hole.

C. Deep Ridge Area (DR-1 and DR-2). Drilling through deeper sediments and into basement east

of ODP Site 1027 would allow an assessment of crustal evolution at greater temperatures, basement

ages, and depths of basement burial. Here we can assess the thermal state of young lithosphere and

geochemical conditions that control microbial activity far from the spreading axis, where thick

sediments and a lack of along-strike outcrops greatly restricts (eliminates?) continued thermal,

fluid, and solute exchange with the overlying ocean. Two sites are located at the tops of buried

basement ridges ~125 and ~145 km  from the ridge axis, Sites DR-1 and DR-2, respectively (Figs.

1, 2, and 6). Based on experience elsewhere, these buried basement ridges are overpressured, and

should eventually produce samples of altered hydrothermal water and associated microbiological

material. Production of uncontaminated crustal fluids may require thermal equilibration of the

boreholes below CORKs.

Deep Ridge Drilling Strategy. Site DR-1 is located where the estimated basement temperature is

~90-100 °C, beneath 500 m of sediments. A single RCB hole drilled in this location will collect

cores, allow measurement of sediment temperatures, and provide access to uppermost basement for

coring. Should time allow, a free-fall funnel or a complete reentry cone and casing

could permit deeper basement penetration and fluid and microbiological sampling. Site DR-2 is

perhaps an even more tempting target, as the basement temperature in this area may approach 140

°C, but the greater sediment thickness (900 m) increases operations time considerably.

These sites are interesting because temperatures are near or just above the accepted limit to

hyperthermophilic activity33,34, and dense sampling of pore waters and microbiology from sediment

near the basement interface could provide important information in a region of steep chemical

gradients. We note that large time requirements for penetrating basement at these sites (Section V)

make them risky as primary targets. In addition, it often takes several days for overpressured sites to

produce crustal fluids after drilling21,35, and the tall columns of cold water created by drilling in

boreholes at DR-1 and DR-2 would require even greater overpressures in basement to initiate

upflow without CORK�ing. The best options for recovering pore fluids indicative of uppermost

basement at the DR sites are likely to be sampling of the deepest sediments immediately above

basement, and/or installation of complete reentry and CORK systems, followed by borehole

reequilibration and long-term sampling.

IV. Explanation and Justification of Hydrologic and Related Experiments

A. Hydrologic Testing. Analyses of cores, logs, and fluid flow within DSDP and ODP boreholes

suggest that the crust is highly layered, in terms lithology, oxic state of fluids, alteration, and

hydrology3,19,36-38. Two primary kinds of active hydrologic tests have been attempted previously in
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DSDP and ODP drill hole: slug tests and injection/flow tests19,35. Both kinds of tests have involved a

single borehole and a drillstring packer. Another flow test involves monitoring the movement of

fluid into or out of a borehole resulting from natural pressure differences, after removal of a low-

permeability sediment seal20,21.

During a slug test, formation pressure is abruptly modified through rapid injection of a small

fluid volume, and the pressure-time response of the isolated interval allows estimation of

transmissivity (T) and storativity (S). Transmissivity is hydraulic conductivity (ease of fluid flow)

multiplied by aquifer thickness within a horizontal system. Storativity is a measure of aquifer and

fluid compressibility within a horizontal system. While slug tests can be used to assess

transmissivity in the immediate vicinity of a borehole, they are notoriously poor at constraining

storativity. Single hole injection and flow tests provide little information on storage properties,

although they can be used to estimate bulk transmissivities with a greater radial scale than slug tests.

The radius of investigation of any seafloor hydrologic test depends mainly on T and S and the

duration of the test19,35.

CORK observations of formation pressure response to tidal forcing have also been used to

estimate hydraulic diffusivity (T/S) and storativity within oceanic crust14, but as with interpretation

of packer experiments, interpretation of passive CORK observations requires assumptions regarding

the hydrologic homogeneity and isotropic nature of oceanic crust, as well as the geometry of the

flow system and magnitude, timing, and location of the source function. Observational data

(geological, geochemical, geophysical) point to the oceanic crust being highly heterogeneous and

anisotropic on a variety of scales18-20. Numerical models have not helped to resolve discrepancies

between properties estimated using different techniques because the models themselves are highly

idealized. Applying a suite of techniques is the best way to assess the true nature of crustal

permeability, including scaling phenomena (Fig. 7a), and the validity of applying porous-medium

representations of these systems.

Within heterogeneous, crustal aquifers, fractures in boreholes cannot be related reliably to large-

scale fluid flow patterns without testing. Large-scale analyses may indicate the magnitude of bulk

properties, but not which fractures or what fraction of the crust are mainly responsible for fluid

transport. Borehole logging helps to identify fracture location, geometry, relation to ambient

stresses, etc., but cannot be used to determine which fractures are active over large distances. One

indirect approach is to apply a �cubic law� relating fracture aperture to transmissivity39, but such

estimates are rarely tested directly. Borehole packer testing in DSDP and ODP helped to identify

regions of high permeability, but had a small radius of influence. Our program combines the

strengths of different methods to resolve the nature of crustal permeability at a range of scales

(spatial and temporal). We will isolate individual depth intervals in basement, allowing assessment

of both vertical and horizontal connectivity.
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We propose using three kinds of CORK systems in these tests: conventional CORK, A-CORK,

and CORK-2. The conventional CORK provides a seal at the seafloor and isolates a single section

of open or screened hole below. The conventional CORKs deployed at Sites 1026 and 1027 will

include plugs near the base of the casing to help speed geochemical equilibration of the interval

below, and reduce mixing with the cased hole. The A-CORK system in Hole SR-1A will include

multiple screened zones with separate sample and pressure lines, leaving the center of the borehole

open for tool deployment and sampling of the deepest part of the hole. The CORK-2 system in Hole

SR-2A will allow isolation of a smaller number of depth intervals, and  will allow large-volume

injection, as needed for pumping tests, and large-volume extraction, as needed for Biocolumn and

incubation experiments.

The long-term, cross-hole hydrologic experiments we propose will resolve fundamental

questions regarding heterogeneity, flow channeling, scaling, and anisotropy in transmission and

storage properties in ocean crust. The initial 24-hour packer test will be ~50x longer than any

previous injection test into oceanic crust. Based on a range of apparent bulk properties from packer

tests, flow tests, tidal response, and numerical models14,15,20-22, a readily-measurable pressure

response will be apparent at Holes SR-1A, 1026B, and/or 1027C, as a result of pumping in Hole

SR-2A (Fig. 4). In addition, by waiting 6-12 months for borehole equilibration, then opening the

SR-2A CORK-2 vent valve(s) for a year or more to release overpressured fluid, we will conduct a

cross-hole test that will allow an even larger-scale assessment of crustal properties (Fig. 4; Fig. 7a).

Even if crustal permeabilities are at the low end of previous estimates, we expect to see a resolvable

signal during the multi-year free-flow experiment. Communication between crustal boreholes at a

similar spatial scale was demonstrated through fractured basement in Middle Valley during ODP

Leg 169, although the lack of control on injection volumes and rates made quantitative

interpretation of CORK observations impossible.

The results of proposed experiments will have implications well beyond oceanic crust, as there

is an ongoing debate among hydrogeologists related to scaling of formation properties within

heterogeneous systems40-43. The seafloor is an ideal place to address these issues, since a single test

can be run for a very long time, effectively delineating the scale-dependence of hydrologic

properties using a single measurement method. Such tests are generally not possible on land

because of logistical and environmental concerns, and a lack of demonstrated horizontal continuity.

Generating cross-hole data within seafloor boreholes will also allow application of models

developed for use in fractured aquifers44,45 that we have previously not been able to apply to the

seafloor because we lacked sufficient observational data. Results of cross-hole testing in basement

holes, when combined with numerical models, also can be used to test equivalent-porous-medium

and other representations of the fractured upper crust.

B. Microbiological Experiments. Convincing evidence of subseafloor life come from seafloor

volcanic eruptions46, discharges of cold to warm fluids on ridges and ridge flanks27,47, biochemical
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analyses and microscopic observations in sediment cores34,48-50 and evidence of microbial alteration

in basaltic glass25,51,52. While these observations are provocative, we lack a first-order understanding

of thermal and chemical limits to reproduction, metabolic interactions, energetics, nutrient

requirements, and spatial distributions of microbiological communities. Recovering pristine

formation fluids from oceanic basement is challenging because any formation having significant

permeability will be deeply invaded by fluid pumped during drilling, casing, and other operations,

including cold, oxygenated seawater and freshwater (the latter often used with drilling mud).

Petroleum wells are typically �produced� for weeks or months to recover pristine formation fluids,

and in fact, this is the best approach for recovering uncontaminated formation fluid and

microbiological samples from a hole in permeable ocean crust. Thus we propose to drill at sites that

are known or expected to be overpressured, then to seal the holes with CORKs, allowing the

formation surrounding the holes to recover. Fluids will be extracted from the overpressured holes

over months to years, avoiding contamination, allowing assessment of population changes over

time, and facilitating long-term testing.

The proposed drilling, experimental, and post-drilling plan includes three principal stages of

biological and biogeochemical study. The first stage comprises biological sampling and analysis of

the sediment column, in combination with pore fluid chemistry an in-situ temperature measurement,

to resolve the nature of sedimentary microbiology50 and relations to life in upper basement.

Microbiological studies will include molecular analyses (nucleic acids, organic biomarkers),

cultivation experiments, and activity experiments [including radiotracer studies and FISH

(fluorescent in situ hybridization) analyses]. Collection of uncontaminated sediment during drilling

requires care, but is possible with careful planning53,54.

The second stage of biosphere study comprises sampling and analysis of basement with a focus

on assessing the record of biologically-mediated alteration. Collection of basalt samples for direct

microbiological study is complicated by contamination, but any basalt samples that pass

contamination monitoring will be subjected to culturing experiments, molecular analyses, and FISH

analyses. Results will be compared to laboratory and in-situ incubation experiments51,55 to relate

basement alteration and microbial activity.

The third stage of microbiological studies involves time-series analyses of biological

communities and formation fluids. Should any open boreholes produce formation fluids soon after

drilling (e.g., Hole 1026B on Leg 168), we will collect these fluids using available samplers (WSTP

or other). As with the sediment cores and basalt samples, these waters will be chemically monitored

for drilling-induced contamination. Time-series studies will be initiated at the time of CORK

installation and will continue for years. CORK sensor strings will contain continuous fluid samplers

and colonization substrate. These samples will document community succession and

biogeochemical response to formation recovery following drilling operations. Additional sampling

will occur when we open CORK valves at Hole SR-2A after 6-12 months, as this will allow
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attachment of sensors and samplers at the seafloor, to collect time-series data, fluids, and biological

materials from multiple depths. After completion of the long-term flow experiment at SR-2A, the

valves connected to vertical intervals in Hole SR-1A will be opened. Through combined genomic

and geochemical approaches and geochemical modeling27,56, these samples will provide new

insights into the response of microbial ecosystems to geochemical conditions, and the influence of

microbial activity on fluid and basement geochemistry. Sampling and analysis of dissolved organic

matter, an integrated and long-lasting signature of microbial activity, will elucidate carbon cycling

in the crust. In all monitoring experiments, we will analyze major classes of organic compounds and

use compound-specific stable C isotope and ∆14C analyses to evaluate carbon sources and fate.

We will complete in-situ incubation experiments to elucidate metabolic pathways and early

colonization of minerals and basalt glass (basement proxies)51, none of which can be quantified by

sample analyses alone. In addition to in-situ incubation, flow-through incubation at the seafloor will

allow system monitoring and manipulation, and may allow additional options for temperature and

pressure control once power to the site is provided by a (planned) cabled observatory system.

The microbiological work we propose is fundamentally different from what has been done in the

past. Penetration of 200-600 m of basement, with isolation of multiple crustal levels, will allow

comparison of microbiological conditions and processes within discrete zones, much deeper into the

crust than previously examined. The sampling and experiments will complement hydrologic tests

used to test connections between different intervals (vertical, lateral) within basement. Results of

alteration, logging, hydrologic, tracer and other experiments within the boreholes will be compared

to results of time-series, microbiological sampling. The proposed work will yield numerous, co-

located sets of basalt, fluid, and microbiological samples, allowing calculation of chemical

potentials for metabolic reactions to guide molecular and culturing work.

C. Borehole and Offset VSP Experiments. Much of what we know about oceanic crustal

stratigraphy is based on seismic refraction and reflection data, but correlations between lithology

and physical properties are often ambiguous. Relating outcrop or core properties to seismic-scale

measurements is difficult, and relations between seismic and hydrologic properties is essentially

unconstained. There has long been evidence for anisotropy in seismic velocities in the upper crust,

with faster velocities in the along-strike direction57,58 but it remains to be determined whether the

same crustal fabric includes significant pathways for fluid flow. We propose to augment a

conventional basement logging program with vertical seismic and offset seismic experiments at the

SR sites. The conventional vertical seismic profile (VSP) requires one or more geophones clamped

within an open or cased hole, and a seismic source at the surface. We will use the three-component

ASI tool and standard airgun or watergun sources run from the drilling ship. Ordinary VSPs are run

frequently during ODP expeditions, providing information on interval velocities necessary to

correlate rigorously between seismic and lithologic layers. This information will be particularly
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valuable at Site SR-1, where the basement depth (600 m) was previously interpreted to comprise the

most hydrologically active part of the crust28.

We also propose to conduct an offset VSP experiment to assess seismic anisotropy. Offset VSPs

have been in a few ocean crustal holes, but none that was positioned to optimize the influence of

crustal fabric. We anticipate that the crust along the SR area will contain a strong, ridge-parallel

tectonic fabric that should result in considerable seismic anisotropy. We will run the offset-VSP

experiment at Site SR-2, at the center of the cross-hole hydrologic experiment. We will fire a

pattern of profiles at three azimuths. The pattern will be shot twice, once each with the ASI tool

clamped at 50 and 200 meters into basement. We will use airgun sources mounted on a second

vessel, fired at three-minute intervals, with the source ship moving at low speed to provide fine shot

spacing and minimal reverberation in the water column.  The three azimuths will allow assessment

of P-wave anisotropy, and we may also be able to detect S-wave splitting. Each profile will be about

20 km long, requiring 24 hours of total drilling platform time. These experiments will be enhanced

by the deployment (from the second vessel) of ocean bottom seismometers along each profile. In

addition, we will install hydrophones at multiple depths in one or more CORKs to facilitate future

cross-hole seismic experiments, including larger-scale offset VSP experiments.

D. Tracer Tests. The extent of water mixing and water-rock interaction within an aquifer depends

on properties such as effective porosity (the fraction of open space involved in fluid flow) and

dispersivity (mechanical mixing and spreading of water and solutes). Understanding these

properties is critical to successful reactive-transport modeling and to understanding the age

distribution of fluids in the seafloor, but these properties have never been assessed using tests in any

during DSDP or ODP hole. Effective porosity varies with flow direction in rough fracture systems

as a result of flow channeling59 and must be tested directly. Like permeability, dispersivity varies as

a function of test scale, and must be determined at the scale of interest60,61. Tracer experiments will

also help to quantify rates of fluid transport in basement. We consider tracer tests in a broad sense to

include the use of natural tracers, tests initiated through standard IODP operations (e.g., pumping

surface seawater during drilling), and experiments involving injection and sampling of specific

compounds.

Wheat et al. used major element chemistry determined with samples recovered with long-term

deployments of OsmoSamplers in several sealed ODP Leg 168 boreholes to estimate the rate of

equilibration of borehole fluids and the flow rates within the surrounding formation24 (Fig. 7B).

Fluid chemistry changed rapidly during the first 40-60 days after borehole sealing, as drilling fluid

was replaced by formation fluid. A slower rate of chemical evolution was documented over the

subsequent 1150 days as fluid continued to move through the borehole, and borehole fluid in the

open hole mixed vertically with fluid in the casing. Formation flow rates estimated from these

experiments are comparable to estimates based on other geochemical and thermal considerations24.
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Vertical mixing, which slows borehole fluid equilibration, will be limited in the proposed work by

sealing the boreholes near the base of the cased sections.
14C was used as a natural tracer to estimate rates of transport along the ODP Leg 168 transect10

but consideration of non-conservative and mixing behavior must be included in analysis of flow

within this heterogeneous, crustal system23. For example, kilometer-scale tracer studies within the

Mirror Lake fractured rock system suggest that effective chemical diffusivity of the rock matrix

may much greater than initially throught 62,63. Rock transmissivity is highly heterogenous, and high

effective diffusivity may result from preferential tracer migration along a few fractures, the rest

being well-connected only over short distances64.

We will use different tracers in different holes, and at different depth intervals, so that single

hole, cross-hole, and cross-level transport can be differentiated. Candidate inert tracers include KBr,

NaBr, SF6, 3He, and microspheres, all of which are readily transported to the ship, easily introduced

into fluids pumped into the borehole, sensitive to detection at low concentrations. Other tracer

options will be explored, including those to help monitor in situ metabolic activity. The borehole

spacing we propose for our experiments is determined, to a large extent, by the scale of the

processes we wish to examine. Tracers injected at Site SR-2 might not be sampled at Sites SR-1,

1026, or 1027, but we have good reason to be optimistic for success of long-term experiments. Fluid

flow velocities in basement of along the Second Ridge appear to be 100�s to 1000�s of m/yr23.

Similar rates were inferred in basement along the HT transect65. By isolating limited depth intervals

in the CORK�ed holes and instrumenting them with long-term samplers, we optimize chances to

detect cross-hole fluid transport. In addition, after injection of tracer in each borehole, the holes will

be sealed, initiating a series of single-hole tracer experiments66,67. Interpretation of these kinds of

tests, like those for cross-hole tests, is accomplished using forward and inverse modeling

techniques, to obtain a match to the observed solute-time history62,68. Once the holes and

observatories are established, with OsmoSamplers isolated in distinct vertical intervals, the stage is

set for many years of single-hole and cross-hole tracer testing, including use of seafloor pumps and

natural overpressuring to facilitate multidisciplinary experiments.

V. Drilling Conditions, Safety Considerations, and Time Estimates

APC coring in sediments will penetrate 80-120 m in this region, and RCB sediment coring will

provide good recovery, except in sandy intervals. Basement conditions could be rubbly in

uppermost basement at SR sites, and operations will be planned carefully in consultation with IODP

engineers, including possible use of hammer-in casing. SR drilling conditions should be excellent in

deeper sections. Conditions should be excellent at the FR and DR sites due to enhanced basement

alteration. Based on previous experience, there are no significant site safety or pollution hazards.

TOC contents are low (<1-2%) in sediments and basement, basement overpressures will be modest

(10-50 kPa), and there is no hydrogen sulfide hazard.
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Detailed time estimates (http://es.ucsc.edu/~afisher/545full3/time.pdf) include sediment

temperature measurements, borehole logs (conventional and specialty), packer work, CORK

installations, and all associated experiments. We suggest completing the proposed operations in two

expeditions separated by ~12 months. During the first expedition, we will reCORK Holes 1026B

and 1027C and complete work at Site SR-1, with 41.5 days in site and transiting between sites.

Work will be completed at SR-2 during the second expedition in 21.5 days on site. Transits to/from

Victoria, BC add 1.5 days per expedition.

Some transit savings could be achieved by combining these operations into a single expedition.

However, allowing time for reequilibration of CORK�ed holes 1026B, 1027C, and SR-1A will

improve interpretations of cross-hole tests. Also, time between expeditions will allow reassessment

and modification of operational strategies, as needed. A break between the two expeditions of just

3-4 months could also be accommodated. Should work at all four sites be completed during a single

expedition, then the hydrogeologic response to pumping would be superimposed over

reequilibration following CORK installation. Nevertheless, the pumping response should be large

and readily interpretable (Fig. 4). In addition, the long-term tests of cross-hole properties, relations

between microbiological and hydrogeologic stratigraphy, the vertical distribution of laterally-

connected zones in the crust, and spatial scaling of permeability will be accomplished through

venting of naturally overpressured conditions, and this will occur after all four holes have

reequilibrated.

Operations proposed in IODP-547Full2 (Oceanic Subseafloor Biosphere) could be combined

with those proposed herein, resulting in two, full-length (~60 days each) drilling expeditions.

547Full2 would also benefit from a 12-month hiatus between expeditions, to allow for borehole

equilibration and completion of incubation experiments. Similarly, we would consider options to

combine 545Full3 operations with others in the region, to optimize use of platform resources.

Proposed FR work at three sites will require 4.6 days plus transits. Operations at DR-1 will

require 11.7 days for drilling and coring, and 18.0 days if casing and CORK work is included; DR-2

would require 16.4 and 23.7 days, respectively, for similar operations. It is not possible to simply

cut back on experiments at the SR sites to make up enough time for FR or DR operations.

VI. Site Surveys and Related Experiments

Extensive site survey data are in hand and no additional data are needed to schedule and

complete the proposed work. Two site surveys were completed in Summer/Fall 2000: TTN-116

(RetroFlux) and SO149 (ImageFlux). The first obtained 460 heat flow measurements and 93 gravity

and piston cores for geochemical analysis, with limited seafloor mapping, while the second

completed regional swath coverage and obtained thousands of kilometers of high-quality seismic

data (84 lines in the SR area, 178 lines in the FR area, and numerous additional lines). A MCS
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expedition across the region in 2002 provided additional information (EW0207). These cruises

followed numerous surveys that provided valuable seismic, chemistry, and heat flow information.

The experiments we propose to complete will extend years beyond the end of drilling

operations. Cross-hole free flow and tracer tests will examine crustal transmission, storage, and

transport properties at ever-increasing spatial scales. Biocolumns and incubators attached to CORK

extraction systems and deployed within sealed boreholes will allow spatial and time-series

evaluation of subseafloor microbiology. Injection of fluids having a salinity different from that of

seawater could be used for large-scale electrical experiments to evaluate hydrogeologic anisotropy

and heterogeneity indicated by uneven plume penetration.

Extraordinary opportunities will be facilitated through likely establishment of a cabled

observatory network across the 545Full3 area in the next several years, including options for

modifying measurement and sampling rates during thermal, seismic, chemical and biological

experiments in response to events (tectonic, magmatic, microbiological, hydrogeologic,

oceanographic), pumping different fluids at different rates both to and from individual observatory

systems and crustal levels, heating and monitoring of seafloor and in-situ incubation experiments,

and observing surface and subsurface conditions in real time.

The investment represented by initial drilling, coring, sampling, and observatory emplacement

will be leveraged by long-term experiments at these sites. The technology developed, tested, and

deployed as part of the proposed program, in a relatively benign environment, will be available for

use throughout the world during future drilling and observatory experiments.
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