SCIENCE
PROSPECTUS

FY9S PROGRAM

Prepared from Original Proposals and Working Group Reports

2AUDYA_ >
L .‘-—.-_-
Philip D. Rabinowitz
Director @ ’7

ODP/TAMU
.74

Jack Baldauf
T A

Manager
Science Operations
Timothy J.G. Francis
Deputy Director

ODP/TAMU
ODP/TAMU

Compiled by:

Shaune Lafferty Webb
Staff Researcher, Science Operations ODP

and

Jack Baldauf
Manager, Science Operations ODP

JANUARY 199%4



TABLE OF CONTENTS

Introduction me § weTRE BNTEIRE wieTeE BRI SUATRIRE RIS SRR W R B e e 1
ODP Cruise Participant Application Form
ODP Sample Request Form

Location Map @ 4 @& & & 5 & & & F PSS EE S S e SEaE PR 9
Legs 157 - 165

OPOTrALIonNE BCREANUILO oo cuiav s s siees sasa s swes sese o siess eoes s 10
Legs 157 - 165

Lag 157 ProBPECLUB cesiesisiisrnsscassisstsssdsssrssosnsasssnnonss 13
Gran Canaria and the Madeira Abyssal Plain

Leg 158 Prospectus WRTECE RN MR & e STETeE B BECETRYE eTeE SUEisiels eeee & 63
TAG Hydrothermal Mound

Leg 159 Prospectus e BAa e R SRR AT B seeealeE TR wela 4 85
Return to Hole 735B

Leg 160 Prospectus e G R SUANE . BETE e BRI B IRERBN ST S e 113
Eastern Equatorial Atlantic Transform

Leg 161 Prospectus b B e R R e B B G eeE B Re B e % BeTe Y & 149
Mediterranean I

Leg 162 Prospectus P SRR SRR AR SRR R BRI SeCee SUATEE R & 203

Mediterranean II

Leg 163 Prospectus aE ST EATANE Breve BEIEUE ETETE eI MU R AT e 247

North Atlantic Arctic Gateways II

Leg 164 Prospectus WY WENE BT BAREE WIRTEIE DA BATEE WEeNE STeTEE S e 283
Gas Hydrates

Leg 165 Prospectus a7 e ReaE SRR e A E s Sl SR e ST eeE 315
Diamond Coring System: A Brief Engineering
and Operations Prospectus

iii



INTRODUCTION

This FY95 Science Prospectus presents the scheduled scientific operations for ODP
Legs 157 through 165. These legs represent scientific cruises commencing July 1994 and
continuing through February 1996.

The purpose of this document is to provide the reader with a brief overview of the
scientific operations for each cruise as summarized from the initial JOIDES proposals or
JOIDES Working Group results. All information included herein is correct at the time of
writing but may be subject to future changes.

Also enclosed with this document is information on how individuals can become
involved with any of the above scientific programs. For additional information, please
contact the Manager of Science Operations at the following address:

Dr. Jack Baldauf

Manager of Science Operations
Ocean Drilling Program

Texas A&M University Research Park
1000 Discovery Drive

College Station, TX 77845-9547
US.A.

Tel: (409) 845-9297
Fax: (409) 845-0876
E-mail: baldauf @nelson.tamu.edu



Ocean Drilling Program Cruise Participant Application Form

Name (first, middle, last)

Institution (including address)

Telephone (work) (home) Telex/Cable Fax

Permanent Institution Address (if different from above)

Bitnet or Internet Address

Present Position Country of Citizenship
Place of Birth Date of Birth Sex
Passport No. Placelssued ___ Datelssued __________ Exp. Date

Geographic Region(s), Scientific Problem(s) of Interest (Leg number(s) if known)

Date(s) Available

Reason(s) for Interest (if necessary, expand in letter)

Expertise (petrologist, sedimentologist, etc.)

Education (highest degree and date; see note below)

Experience (attach curriculum vitae)

Selected Publications You Have Written Relevant to Requested Cruise

Personal and/or Scientific References (name and address)

Previous DSDP/ODP Involvement and Nature of Involvement (i.e. cruise participant, shore-based

participant, contributor, reviewer, etc.)

Note: Graduate student applications should include a letter from their primary advisors, documenting the student’s scientific experience and
detailing how participation on the cruise would fit into their graduate degree programs.

Staffing decisions are made in consultation with the co-chief scientists and take into account nominations from partner countries; final responsi-
bility for staffing rests with ODP at TAMU. Please return this form to: Manager of Science Operations
Ocean Drilling Program

Applicants from JOIDES partner countries Texas J}&I’o‘l University Research Park
should send a copy of their applications to 1000 Discovery Drive
their respective national ODP offices. College Station, TX 77845-9547

Fax: (409)845-0876



Responsibilities of Shipboard Scientists

Shipboard scientists
collect, analyze and
compile data conforming
to ODP standards and
format. They assist the co-
chief scientists in
producing shipboard
scientific reports by
recording data on standard
ODP computerized and
paper forms and writing a
description of their
disciplines’ results for
each site chapter of the
Initial Reports of the
Proceedings of the Ocean
Drilling Program.

Scientists aid the
curatorial technician by
taking samples for
themselves and others for
later shore-based study. A
team of highly trained
marine technicians, some
specializing in particular
equipment areas, assist the
shipboard scientists by
maintaining the flow of
core samples through the
laboratories and helping
with analyses.

At the end of the
cruise, all shipboard
scientists are requested to
complete cruise
evaluations. These
evaluations guide ODP in
upgrading laboratory
equipment and procedures
and in improving life on
board ship.

Shipboard scientists
are primarily on board to
pursue their own scientific
interests. After the cruise,
they are responsible for
analyzing their samples
and reporting the results,
which are included in the
ODP database and
published in the cruise
volumes. Following is a
brief description of the
shipboard responsibilities
of the scientific staff.

Sedimentologists
provide accurate visual and
written descriptions of the
cored sediments and
interpret the depositional
and diagenetic history or
other related
sedimentological
processes. They work as a
team, designating a lead
sedimentologist for each
site and exchanging
specific responsibilities
from site to site.
Sedimentologists’
responsibilities include:
¢ written and graphic core
descriptions on ODP data
forms, including the
sedimentologic portion of
core description sheets
(barrel sheets)

* smear-slide preparation
and petrographic analysis
of smear slides and thin
sections

* selection of samples for
shipboard analyses of
XRD, XRF, carbonate
percentage and thin
sections

The paleont-
ologists’ chief
responsibility is to assign
an age to the core-catcher
samples as soon as
possible after cores are
recovered. They may need
to examine additional
samples to provide as
complete a biostrat-
igraphic characterization of
the cored section as
possible within the time
available, including
recognition of boundaries
and hiatuses.

A reference library
with texts, journals and
reprints is available to
help shipboard paleont-
ologists identify fossil
groups that do not fall
within their areas of
expertise.

Petrologists
classify thin sections and
hand specimens and
provide the written and
graphic descriptions of all
igneous and metamorphic
rocks recovered on the
cruise. Petrologists should
be experienced in one or
more of the following
aspects of the petrology of
oceanic rocks: chemical
petrology, volcanology,
mineralogy and
petrography.

Paleomagnetists
conduct or supervise all
paleomagnetic
measurements including
the reduction of paleo-
magnetic data to intens-
ities and direction of
magnetization.

Paleomagnetists work
with other shipboard
scientists and the drilling
crew to ensure that core
material is not magnet-
ically damaged by heating
or exposure to strong
magnetic fields and that
core sections are not
inverted.

Structural
geologists record
structural features of the
core and their relationships
to other igneous, meta-
morphic, or sedimentary
features. In addition, they
integrate and constrain
their observations with
borehole logging, core
magnetic, and micro-
structural (petrographic)
data to produce local and
regional tectonic
interpretation. Structural
geologists may choose to
record their observations
using customized versions
of ODP Visual Core
Description (VCD) forms,
independent structural
VCD forms, or spread-
sheets.

Physical prop-
erties specialists
select cores to determine
velocities, shear strength,
thermal conductivity and
index properties (water
content, porosity and bulk
density). They also ensure
that data are collected in a
manner consistent with
ODP format. The physical
properties specialists and
the sedimentologists select
samples for carbonate
analyses.

Organic chemists
monitor cores for gas and
oil (hydrocarbon accumu-
lations) and organic
compounds. They advise
when hydrocarbons in
cores may constitute a
safety or pollution hazard.

Inorganic
geochemists are
primarily responsible for
conducting interstitial
water, X-ray diffraction
(XRD) and X-ray
fluorescence (XRF)
analyses. ODP chemists
and marine technicians
assist in these analyses.

Logging scientists
advise the co-chief
scientists on the logging
program, for the cruise.
They work closely with
the Schlumberger field
engineer and the Lamont-
Doherty Earth Observatory
logging scientist in
designing, implementing
and interpreting the
logging program.



OCEAN DRILLING PROGRAM SAMPLE REQUEST
FOR SHIPBOARD AND SHOREBASED CRUISE PARTICIPANTS

(Submit to the Curator gf Jeast two months before cruise departs.)

Please be aware of the current sample distribution policy which is published Iin recent Issues of Proceedings
ofthe Ocean Drilling Program. You should complete a separate request form for each research topic you wish
to propose.

1. Proposed leg name (include number if known):

2. Name(s), office address, telephone number, fax, email, BITNET (to facilitate contact between investigators),
and telex number of investigator(s):

3. Purpose(s) of request. Please summarize the nature of the proposed research congcisely in 5-7 lines. [This
summary will be included in various official reports.] Provide a detailed description of the proposed research,
including techniques of sample preparation and analysis, roles of individual investigators, etc., on an attached
sheet. The detailed description of the project will be employed in reviewing the sample request and may be
copied to other shipboard scientists.
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4. What is the specific cruise related research that you plan to accomplish for this cruise? A specific manuscript
title is to be agreed upon by you and the co-Chiefs before the end of the cruise. Investigators who receive
samples or data on-board the ship or during the first year post-cruise are obligated to produce a publishable
manuscript for the ODP Initial Reports.

5. Please describe the proposed core sampling program in sufficient detail so that those who must carry it out
onboard ship will understand your needs. Specify the size of sampies (cubic centimeters); the number of
samples to be taken from each section, core, and/or hole; particular stratigraphic or lithologic units to be
sampled; and any other information that will be helpful in conducting your sampling program. Be aware that, if
the number of samples which you are requesting is large, sampling for you is likely to be deferred until
the cores reach the repository (4 to 6 months following the cruise), so it is to your advantage to keep the total
number of samples small. You may choose to propose a two-stage sampling program (i.e. pilot study/follow-up
study) now. Or you may elect to get samples only for the pilot study now, with the understanding that you will
request additional samples later after you see what is recovered.

6. Please describe any specialized sampling or processing techniques that you plan to use. List any specialized
supplies or equipment that you want to use during the cruise (will you bring these items with you or do you think
they will be available from ODP).

7. Please estimate the time it will require for you to obtain publishable results. You must have publishable
results within 16 months or less for samples taken on board the ship or during the first year post-cruise, as these
must be worked up for the Part B volume.

8. In what condition will the samples be once your research is complete? Will they be useful to others? If so, for
what kinds of research?

9. If you have ever before received samples from DSDP or ODP, please indicate the ODP sample request
number (if known), and the number and volumes of samples received. Were all of these samples analyzed?
If not, were they returned to DSDP/ODP? If work is still in progress, please attach a brief (2-3 page) progress
report. If the work has ended, please retum the samples. Micropaleontologists may keep their processed
residues until their professional use of the samples is completed, whereupon they must be returned to the
Curator.

revised 12/90



10. If you have ever before received samples from DSDP or from ODP, please attach a comprehensive list of the
publications in journals, outside of the ODP volumes, which resulted from each sample request. If you have
recently submitted such a listing, you may update it with only the new publications. If you reference
publications which have not yet been forwarded to the Curator, please enclose four (4) reprints of each. If work
is still in progress, please attach a brief (2-3 page) progress report. If the work has ended, please return the
residues.

11. Please summarize any other information which you feel would be useful in reviewing your request on an
attached sheet.

12. Samples taken on the ship are usually sealed in plastic bags, which are stored and shipped in cardboard
boxes at ambient temperatures. If your samples require special storage or shipment handling please describe
how you want the samples handled (for example, refrigerated, refrigerated with blue ice, or frozen).

13. If your samples will require special storage or shipment (for example, frozen organic samples) please specify a
destination airport which is near your institute. Specify the name, telephone number and telex number of
someone who can: re-ice the shipment at the destination airport, clear the shipment from customs and provide
transportation to the final destination.

14. Would you prefer that we (circle one):
a) ship your samples to you,
b) give them to you at the end of the cruise so that you can put them in your suitcase, or
¢) pack them in a box and give them to you at the end of the cruise?

revised 12/90



Acceptance of samples implies willingness and responsibility on the part of the investiga-
tor to fulfill certain obligations:

(a) To publish the manuscript you agreed to produce in the ODP Scientific Results volume (the title will be listed on the final Cruise
Sampling Program in the Hole Summary).

(b) Toacknowledge in all publications that the samples were supplied through the assistance of the international Ocean Drilling Program and
others as appropriate.

(c) To submit (4) copies of reprints of all published works in the outside journals to the Curator, Ocean Drilling Program, Texas A&M
Research Park, 1000 Discovery Drive, College Station, Texas 77845-9547, US.A. These reprints will be distributed to the repositories and
to the ship. The Bibliographies of all reprints received by the Ocean Drilling Program will be sent to the National Science Foundation. You
need not send reprints from the ODP Initial Reports.

(d) Tosubmit all final analytical data obtained from the samples to the Data Base Supervisor, Ocean Drilling Program, Texas A&M University
Research Park, 1000 Discovery Drive, College Station, Texas 77845-9547, US.A. Please consult recent issues of the JOIDES Journal or
call 409-845-2673 for information on acceptable data formats. Investigators should be aware that they may have other data obligations
under NSF's Ocean Science Data Policy or under relevant policies of other funding agencies which require submission of data to national
data centers.

(e) Toreturn all unused or residual samples, in good condition and with a detailed explanation of any processing they may have experienced,
upon termination of the proposed research. In particular, all thin sections and smear slides manufactured onboard the vessel or in the
repositories are to be returned to the Curator. Thin sections and smear slides used to describe the cores are unique representatives of the
materials and as such they are kept as members of the ODP reference collection. All unused or dry residual paleontological materials may
be returned either to the Curator at ODP or to one of designed paleontological reference centers upon completion of the investigators' use
of the materials.

Itis understood that failure to honor these obligations will prejudice future applications for
samples.

All requests will be reviewed by the Assistant Curator, by the ODP Staff Scientist assigned to the
leg, and by the Co-chief Scientists, before the cruise, to begin preparing a preliminary sampling
scheme. Approval/disapproval will be based upon the scientific requirements of the cruise as
determined by the appropriate JOIDES advisory panei(s). In the case of duplicate proposals,
shipboard scientists will have priority over shorebased scientists. Requests for samples for post-
cruise studies will be handled separately. Completion of this form in no way implies acceptance
of your proposed investigation.

Date:

Date:

Date:

Signatures of Investigators

Send this completed form to the Curator at least two months in advance of the cruise departure
date. The Curator's address:

Curator bitnet: Chris@ TAMODP

Ocean Drilling Program internet: Chris@nelson.tamu.edu
Texas A&M University Research Park fax: (409) 845-4857

1000 Discovery Drive phone: (409) 845-4819

College Station, TX 77845-9547
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| QPERATIONS _SCHEDULE

LEG PORT CRUISE DAYS DAYS:
OF DATES AT TRANSIT/SITE
ORIGIN SEA (Estimated)

157 Barbados 29 July - 23 September 1994 56 12/44
VICAP-MAP 24 - 28 July 1994
158 Las Palmas 28 September - 23 November 1994 56
TAG 23 - 27 September 1994
DRYDOCK
159 Capetown January - February 1995 56 16/40
Site 735
160 Capetown March - April 1995 56 15/41
Eastern
Equatorial Atlantic
Transform
161 Dakar May - June 1995 56 18/38

Mediterranean I

162 Napoli July - August 1995 56 11/45
Mediterranean II

163 * Aberdeen September - October 1995 56 15/41
Atlantic Arctic
Gateways II

164 Reykjavik November - December 1995 56 13/43
Gas Hydrates

165 Miami Januvary - February 1996 56

DCS

Engineering

PRECISE DATES FOR LEG 159 TO LEG 165 CAN NOT BE DETERMINED
UNTIL THE DRYDOCK PORT HAS BEEN FIXED

* Atlantic Arctic Gateways II may be scheduled between Mediterranean I and Mediterranean II
should this provide a better ice/weather window
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LEG 157
VICAP - MAP



LEG 157

DRILLING INTO THE CLASTIC APRON OF GRAN CANARIA
AND THE MADEIRA ABYSSAL PLAIN

Modified From Proposals 380 and 59A Submitted By

Hans-Ulrich Schmincke, Philip P.E. Weaver, P. van der Bogaard, Sierd Cloetingh,
Ray E. Cranston, Juan J. Daiiobeitia, Armin Freundt, Hans Hirschleber, Kaj Hoernle,
Ian Jarvis, Robert B. Kidd, Roland Rihm, M. Schnaubelt, R.T.E. Schuttenhelm,
Karl Stattegger, Hubert Staudigel, John Thomson, Anthony B. Watts,
Wilfried Weigel, Gerd Wissmann, and Rainer Zahn

To Be Named: Co-Chief Scientists and Staff Scientist

ABSTRACT

The Volcanic Island Clastic Apron Project (VICAP) entails a case history study of a coupled
system, "oceanic island - volcaniclastic apron”. The source area has a long-term record of
chemically distinct rocks/deposits with physically datable mineral phases, so that the submarine and
subaerial growth and destruction is reflected in sufficient detail in the volcaniclastic apron. The
seamount/island evolution as deduced from deep drilling into the apron can then be compared to the
volcanic evolution reconstructed from the study of products exposed on land. Gran Canaria, one of
the best studied oceanic volcanic islands, is the most suitable candidate for such a case history

study.

The Madeira Abyssal Plain Project (MAP) is aimed at testing the hypothesis that ocean basin
sedimentation is controlled by sealevel changes which affect the stability of sediments on
continental margins including those on the flanks of volcanic islands. The products of mass wasting
events accumulate on the continental slope and on the abyssal plains, but the abyssal plain is the
only place where a complete record can be obtained in one drillsite. The combined VICAP-MAP
project will study the development of the Canary Basin in terms of the history of volcanic activity in
the Canary hotspot, the detailed evolution of the large volcanic oceanic islands of Gran Canaria and
Tenerife (Canary Islands), and the filling of the Madeira Abyssal Plain.

13



...Leg 157 - Gran Canaria and the Madeira Abyssal Plain...

INTRODUCTION
VICAP

VICAP (Fig. 1) concerns the physical and chemical evolution of the confined system
"asthenosphere - lithosphere - seamount - volcanic island - clastic apron - sedimentary basin" by
drilling into the proximal, medial and distal facies of a volcaniclastic wedge. The clastic apron is
composed largely of material representing the evolution of the volcanic complex, including material
no longer present on the island (Figs. 2 and 3). Most importantly, it includes material from the
unexposed and inaccessible submarine stages. The volcanic islands produce a large sediment
supply with slopes that are at or near the critical angle of repose. They are prone to mass wasting,
enhancing the probability that sea-level control vs. volcanic eruption and earthquake control can be
distinguished. A major element of the program will be high precision single-crystal 40Ar/39Ar age
dating with the aim of monitoring the island and basin evolution in detailed time slices as small as
100,000 years. The most distal sites on the Madeira Abyssal Plain will enable us to date major
volcanogenic turbidites and hence large events in the Canary Island archipelago. We will achieve a
quantitative analysis of a remarkably confined system. The magmatically governed sedimentary
apron, which consists of material generated during more than 15 m.y. of volcanic and erosional
activity, interfingers with nonvolcanic, continent-derived clastic and biogenic material.

The proposed drilling operation provides a case study of an intraplate volcanic system and its
mantle source evolution. It is accompanied by a massive land program, now underway, and is
preceded by detailed geophysical pre-site monitoring. With VICAP, an attempt will be made to
combine the temporal, spatial, compositional and volumetric evolution of the terrestrial-subaerial
and submarine parts of a closely coupled geological system. The project is designed to provide a
case history study and therefore a practical calibration system that will allow a more realistic
assessment of the past volcanic, petrologic and plate tectonic environments of sedimentary basins
adjacent to other productive volcanic source areas. This should serve as a model for the
interpretation of many ancient marine sections as well as marine volcaniclastic successions drilled in
the DSDP/ODP programs. This fundamental aspect of the proposal cannot, by definition, be solved
by drilling on land.
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...Leg 157 - Gran Canaria and the Madeira Abyssal Plain...

Gran Canaria is extremely well-exposed and well studied. The island has been volcanically active
intermittently throughout the past 15 m.y. Igneous rocks, both mafic and evolved, show an extreme
spectrum in chemical and mineralogical composition, exhibiting the greatest variability in volcanic
rock types known on a single volcano. The island has experienced several stages of high degree of
magma differentiation, unique among volcanic islands, generating both frequent explosive fallout
ashes and many ash flow deposits. The distinct composition of individual ash flows as well as
other volcanic rocks throughout the island’s evolution will greatly facilitate stratigraphic subdivision
in the cores. The evolved magmas have abundant K-rich mineral phases (feldspar and mica) - a
prerequisite for high-resolution age studies.

The neighboring islands of Tenerife (volcanically active for greater than 8 m.y.; Ancochea et al.,
1990), Fuerteventura and Lanzarote (both for greater than 20 m.y.; Le Bas et al., 1986), which also
contribute to the sediments in the area, have not yet been studied in as great detail as Gran Canaria
but show similarly wide and characteristic compositional variations. Extensive on-land study of
Tenerife by several international research teams in the framework of the European EPOCH program
on "Laboratory Volcanoes" is in progress.

MAP

MAP drilling (Fig. 1) is aimed at testing the hypothesis that ocean basin sedimentation is controlled
by sealevel changes which affect the stability of sediments on continental margins including those
on the flanks of volcanic islands. The products of mass wasting events accumulate on the
continental slope and on the abyssal plains, but the abyssal plain is the only place where a complete
record can be obtained in one drillsite. We predict that most sealevel changes, both rises and falls,
will be associated with mass wasting events. Thus periods of oscillating sealevels, such as during
the last 2.5 m.y., should be represented on the abyssal plains by sequences of turbidites, and
periods of stable sealevels should be represented by continuous hemipelagic accumulation. Our
evidence suggests that the abyssal plain is a young feature with the whole 350-m thick turbidite
sequence (20,000 km3) being deposited in just a few million years. The drilling of four sites on the
Madeira Abyssal Plain will allow mass balance calculations of sediment transported from the
continental margins to the deep-sea, including mass balances for volcanogenic sediments derived
from Madeira and the Canary Islands. The history of volcanogenic turbidites will be closely tied to
the history of the volcanic islands and should provide information on the initiation of hotspot
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...Leg 157 - Gran Canaria and the Madeira Abyssal Plain...

activity, on phases of increased volcanic activity and major island-flank collapse events. The
frequency of turbidite input and composition of the units on the Madeira Abyssal Plain is ideal for
studies of long term diagenesis and sediment burial. We will also be able to study the fate of
unstable volcanic glass in the clastic aprons under varying heat-flow regimes.

During Leg 157, we will also attempt to determine sediment budgets for the transport of sediment
from the continental slopes to the deep-sea, possible because we have calculated the area of the
abyssal plain from our detailed surveys and determined the area of deeper layers from our extensive
seismic data. We have been able to show from piston cores that individual turbidites form simple
stacked layers on the plain. Individual turbidites can be up to 5 m thick representing single flows of
over 190 km3 in volume. Deep drilling will enable calculations of the volumes of material
transported over the last several million years, and allow us to compare transport rates during
periods of sealevel change and sealevel stability (i.e. to see if there is a fundamental link between
deep-sea sedimentation and the Vail sealevel curves).

The study of early diagenesis in sediments accumulating under non-steady state conditions will also
be advanced by study of these sediment sequences. The concept of a "progressive oxidation front"
was first proposed following studies of the MAP turbidites (Wilson et al. 1985, 1986, Thomson et
al., 1987). When the turbidite top is in diffusive contact with bottom waters following deposition,
several elements redistribute themselves around the oxic/postoxic (or sub-oxic) boundary at the
front. This results in layers of metal concentrations, with some metals persisting long after
conditions have become reducing and some metals disappearing quite quickly. We need to know
more about the long term persistence of these signatures to aid in interpreting paleo-redox
conditions and the presence of multiple fronts will allow successively older signatures to be
examined. The diagenesis and maturation of organic matter can also be examined in the turbidites
by techniques such as Rock-Eval pyrolysis.

STUDY AREA - GRAN CANARIA
Submarine Growth Stages of the Canary Islands

Structure, composition and evolution of the submarine part of the Canary Islands is largely
unknown except for La Palma, where a 3.5 km-thick section of the uplifted submarine part is well



...Leg 157 - Gran Canaria and the Madeira Abyssal Plain...

exposed (Schmincke and Staudigel, 1976; Staudigel and Schmincke, 1984). The submarine section
consists of a central plutonic complex, a sheeted dike swarm with minor "metatrachyte" to alkali
basalt screens and abundant sills, a lower extrusive section ( ~ 650 m thick) made up almost
exclusively of pillow lavas, and an upper extrusive section (~ 1150 m thick) made up of >50% of
pillow fragment breccias and several types of mass flow deposits, many consisting of
resedimented, shallow water-derived, vesicular hyaloclastites. The lavas in the uppermost part were
probably erupted in shallow water as well.

Although submarine portions of Gomera and Fuerteventura have also been uplifted, the basal
complexes on these islands are not well exposed and are heavily overprinted by later magmatic
activity (Le Bas et al., 1986). Therefore, it is difficult to decipher the structure, composition, and
evolution of the submarine stages on these islands.

The hyaloclastites on La Palma are overlain by volcaniclastic debris flows which contain abundant
tachylite and a wide variety of subaerial volcanic and subvolcanic rock fragments (ranging from
microgabbro to trachyte) but are dominated by alkali basalt. Such debris flows form excellent
seismic reflectors and their volume south of Gran Canaria probably exceeds 50 km3 (Wissmann,
unpublished seismic data). Seismic refraction data indicate a 1.5 to 2.0-km thick low velocity (2-3
km/s) upper section beneath some islands such as Tenerife (Dash and Bosshard, 1968). This is
similar to the submarine La Palma section where low velocities of this magnitude, reflecting the
dominance of hyaloclastites and pillow breccias, would be expected to characterize the upper part of
a seamount precursor.

Another approach for monitoring the submarine development of the Canary Islands is the study of
volcaniclastic sediments encountered in drill holes, such as those of DSDP Site 397, >100 km SSE
of Gran Canaria (Schmincke and von Rad, 1979) (Fig. 4). In this hole, hyaloclastite debris flows
(V3, Fig. 5) are interpreted to represent material from the submarine stage of an island (probably
Fuerteventura) transported for more than 100 km to the south and southwest. The overlying alkali
basalt-fragment rich debris flows (V1, V2, Fig. 5), consisting largely of tachylitic and highly
vesicular clasts, are interpreted to represent the shallow-water and shield stages of emerging Gran
Canaria, judging from their chemical and mineralogical composition (Fig. 6a). They form the bulk
of the debris flows mapped seismically by Wissmann (1979) and thus are thought to reflect the
rapid growth of an island during the shield stage (Fig. 2). A very large amount of clastic debris is
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...Leg 157 - Gran Canaria and the Madeira Abyssal Plain...

generated during the transition period seamount/island by phreatomagmatic and magmatic explosive
activity as well as erosion of freshly formed pyroclastic deposits.

Younger ash layers of DSDP Sites 369 and 397 reflect later, differentiated, subaerial stages of an
island (Fig. 5), such as the 13- to 14-Ma-old rhyolite ashes from Gran Canaria or the phonolitic
Pliocene/Pleistocene ash layers, most of which are probably the result of Plinian eruptions on
Tenerife (Rothe and Koch, 1978; Schmincke and von Rad, 1979).

The temporal evolution and regional age progression of Canary Island volcanism is based largely
on the subaerially exposed rocks because the much greater volume of submarine volcanics is hidden
at depth. Holik et al. (1991) recently interpreted a zone of high layer 3 velocities and units of
chaotic seismic facies between 31°N and 33°N as evidence for the location of a Canary Islands hot
spot at 50 to 60 Ma and suggest a notheast-southwest age progression of the hot spot. Fossils in
sediments interfingered with volcaniclastics in the subaerially exposed Fuerteventura basal
complex, however, suggest that volcanism on the easternmost islands may have begun at 70-80 Ma
(Le Bas et al., 1986). Detailed information about the submarine stages is badly needed to quantify
any model of the age progression in the archipelago.

The geochemical evolution of ocean islands provides important insights into mantle dynamics and
evolution. The subaerial stages of volcanism on many ocean islands have been studied in great
detail, but little is known about the geochemical evolution of the submarine (seamount) stages of
ocean island volcanoes, which make up >90% of the volume of the volcanos. To date, most studies
of the submarine stages have either been conducted by dredging seamounts or the flanks of ocean
island volcanoes or by studying uplifted basal (submarine) complexes. Both methods have serious
shortcomings. Since dredged samples are confined to the surface of the volcanic edifice, they only
represent a brief period in the evolution of the submarine stage. Furthermore, it is difficult to
evaluate relative differences in age between dredged samples. The temporal history of basal
complexes (e.g. Staudigel and Schmincke, 1984; Le Bas et al., 1986), as well as the primary
geochemical composition (e.g. Hoernle and Tilton, 1991; Hoernle, et al., 1991), are also difficult
to decipher, due to extensive intrusion and moderately high temperature hydrothermal
metamorphism related to intrusive activity.
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The excellent stratigraphic control, coupled with detailed 40Ar/39Ar dating, of samples from drill
cores into the volcanic apron around an island will provide a unique opportunity to study the
geochemical evolution of the early (submarine) stage of ocean island volcanism. The major element,
trace element and isotopic composition of the volcanics can be determined by microprobe, ionprobe
and mass spectrometric analyses of carefully-selected, fresh glass and mineral separates. Combined
with the detailed geochemical studies on the subaerial portion of Gran Canaria (Schmincke 1976,
1982, 1990; Cousens et al., 1990; Hoernle et al., 1991; Hoernle and Schmincke, 1993a, b, and
references therein), the geochemical evolution of the submarine stage will serve as a case study of
the passage of the lithosphere over a mantle plume.

Geology of Gran Canaria

Gran Canaria (28° 00'N, 15° 35'W) is the central island of the volcanic Canarian archipelago in the
central eastern Atlantic, some 100 km off the northwestern African passive continental margin. It is
one of the best-studied oceanic islands with respect to stratigraphy, volcanology, geochemistry, and
geochronology. All subaerially exposed volcanic and intrusive rocks were formed within the last 15
m.y. (McDougall and Schmincke, 1976). The most recent dated eruption on Gran Canaria took
place approximately 3,500 years ago (Nogales and Schmincke, 1969), but younger prehistoric
eruptions are likely (Schmincke, 1987).

Three major magmatic/volcanic cycles have been distinguished on Gran Canaria, which have been
further subdivided into several stages (Schmincke, 1976; 1982; 1987; Hoernle and Schmincke,
1993 a and b) (Fig. 7).

The Miocene Cycle started with the rapid formation (~ 0.5 Ma) of the subaerial volcanic shield.
Composition and age of the submarine part of the island are unknown. Lavas of the subaerial shield
phase are tholeiitic to mildly alkalic basalts. Recently Hawaiian-type tholeiites have been discovered
in the shield stage (Hoernle and Schmincke, 1993 a and b). At 14 Ma, the basaltic shield phase was
followed by 0.5 m.y.-long volcanism of trachytic to rhyolitic composition (~ 15 cooling units, all
chemically and mineralogically distinct) generating what is by far the largest volume of silicic
volcanic rocks on any oceanic intraplate volcanic island. A large caldera (~ 15 km in diameter) was
formed during the beginning of this phase. High precision single-crystal 40Ar/39Ar dating has
shown that the ash flows erupted at intervals of 0.03-0.04 m.y. (Bogaard et al., 1988). After the
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rhyolitic stage, >500 km3 of silica-undersaturated nepheline trachyphonolitic ash flows, lava flows
and fallout tephra and rare basanite and nephelinite dikes and lavas were erupted between 13 and
9.5 Ma, followed by intrusive activity of syenites and a large cone sheet swarm in the central
caldera complex lasting until ~ 8 Ma. Following a major nonvolcanic hiatus lasting approximately 4
m.y., the Pliocene Cycle began with the local emplacement of small volumes of nephelinites and
basanites at ~ 5 Ma. With decreasing age from S to 4 Ma, the eruption rate increased and the lavas
became systematically more SiO;-saturated from basanites to alkali basalts to tholeiites. Between 4

and 3.4 Ma, lavas, ranging in composition from alkali basalts through trachytes and basanites
through phonolites, were intercalated with massive hauyne-phonolite breccia flows, fallout ashes
and pumice flows, which were intruded by trachytic and hauyne phonolite domes (Roque Nublo
Group). Following a possible brief hiatus in volcanism, there was a resurgence in volcanism,
during which only highly undersaturated mafic volcanics were erupted. These mafic volcanics (3.2-
1.7 Ma), ranging in composition from melilite nephelinites to basanites, probably represent the
largest volume of highly undersaturated mafic lava flows on any oceanic island.

During the Quaternary, volcanism occurred almost exclusively in the northern half of the island.
The oldest dated Quaternary Cycle volcanics are 1 Ma-old nephelinites, whereas the more recent
Quaternary volcanics are predominantly basanites, with rarer eruptions of alkali basalt, tephrite and
hauyne phonolite. The island can be considered volcanically active, as testified by numerous

prehistoric basanite scoria cones, maars, and lava flows as young as 1,000 ka.

Important aspects of the volcanic and chemical evolution of Gran Canaria are 1) the striking
differences in compositions of mafic rocks (tholeiites, alkali basalts, basanites, tephrites,
nephelinites) erupted in temporally well-defined episodes over a period of ~ 15 Ma, which can be
chemically distinguished in the reworked clastic rocks as well (Fig. 6a), 2) the very large volume of
evolved magmas erupted between 14 to 13.5 Ma (silica-oversaturated trachytes and peralkaline
rhyolites), 13 to 9.5 Ma (trachyphonolites), 4 to 3.4 Ma (trachytes through strongly silica-
undersaturated hauyne phonolites) and ~ 1 Ma (hauyne phonolites), whose explosive eruptions
generated excellent widespread marker beds, 3) the identification of individual units or groups of
units by their characteristic bulk rock and mineral chemical composition and mineral modes and
their distinction from volcanic rocks derived from the other Canary Islands (e.g. Fig. 6a, 6b, 6¢),
4) the systematic variation in isotopic compositions with bulk rock composition and age on Gran
Canaria (Fig. 6d) and other Canary Islands (Hoernle and Tilton, 1991; Hoernle et al., 1991) (rocks
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of roughly known age can thus be correlated with volcanic cycles of different islands), and 5) most
importantly, the abundant K-bearing phenocrysts (anorthoclase, sanidine and, in the Fataga
trachyphonolites, biotite), contained within the evolved lavas, that allow precise single crystal
dating.

STUDY AREA - MADEIRA ABYSSAL PLAIN
Background

The MAP (Fig. 1) lies at the center of the Canary Basin which is bounded by the lower flank of the
Mid-Atlantic Ridge to the west, the Azores-Gibraltar Rise (part of the European/African plate
boundary) to the north, the Northwest African Continental Rise in the east, and the Cape Verde
Rise in the south. At its western end the abyssal plain extends westward between the abyssal hills
of the Mid-Atlantic Ridge flank via fracture zone valleys which trend west-northwest-east-
southeast. Further to the west are a series of seamounts which reach to within 300 m of the sea
surface. The eastern boundary of the plain is marked by a break in slope from between 1:300 and
1:1000 above 5400 m at the foot of the North West African Continental Rise to less than 1:2000
below 5400 m.

The late Quaternary geological history of the MAP is known in greater detail than any other abyssal
plain. During the last 730,000 years very large turbidity flows entered the MAP with a frequency
related to climate changes - they appear to have been initiated during periods of both rising and
falling sealevels. Between these flows, sedimentation reverted to hemipelagic deposition which
alternated between carbonate-poor sediment (mainly clays) during glacials and carbonate-rich
(mainly marls and oozes) during interglacials. This pattern of sedimentation does not fit the Vail
model for rapid basin infilling (Vail et al., 1977) which suggests that turbidite emplacement should

occur dominantly during low stands of sealevel.
Lithology
Hemipelagic Sediments

The hemipelagic sediments alternate between clays/marly clays deposited during glacial intervals,
and oozes/marly oozes deposited during interglacial conditions. The distinction between these
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sediment types is dictated by the water depth of the site, placing it above the carbonate
compensation depth (CCD) during interglacials, but below the CCD during glacials, when bottom
water changes allow the spread of corrosive Antarctic Bottom Water into the area. This pelagic
sediment sequence is clearly displayed in cores from the small hills which protrude above the plain;
they show alternating marls and clays with some ooze layers. Each layer is at maximum a few tens
of centimeters thick, with the clays usually being just a few centimeters thick. Average
accumulation rates are between 0.3-1.5 cm/1000 years. Sediments older than about 2 Ma contain
decreasing percentages of calcium carbonate and, by about 3.5 Ma, the sediment has become
continuous red clay which is expected to continue to at least the Cretaceous or possibly to the
basement (Weaver et al., 1986).

Turbidites

The turbidites form the thickest layers and have been studied in great detail. Individual turbidites
can be recognized by their mineralogical composition, micro-floral components, stratigraphic
position and color. Individual flows have been designated by letter from a at the top down to
turbidite y which has an age of about 730,000 years (Weaver et al., 1989). They fall into three
compositional groups governed by their source area.

Organic-rich turbidites derive from the upwelling cells off the northwest African margin and have
two sources, one north and one south of the Canaries. They contain more than 0.3% organic
carbon and 45-60% CaCOj3 (de Lange et al., 1987). They are represented over most of the plain by
very fine grained sediment (Mz 8-9 phi). The basal layers of these turbidites are often coarser,
although in the west this usually means a slight coarsening of the basal few centimeters only. In the
east of the area, particularly adjacent to the break of slope at the foot of the continental rise, the
basal layers, represented by sands, may be over 1 m thick (Weaver and Rothwell, 1987). The
oxidation front mechanism discussed later results in bi-colored turbidite units, usually olive green
below the relict oxidation front where the organic material remains, and pale green above where the
organic material has been oxidized.

Volcanic turbidites have high TiO; contents (about 1.5% CFB), low organic carbon (<0.3%), and
50-60% CaCOj3 (de Lange et al., 1987). They are fine grained over most of the plain, coarsening to

the east and north-east. Their volcanic component is derived from the volcanic islands of the
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Canaries and/or Madeira. These turbidites are buff brown in color without well developed relict
oxidation fronts.

The white calcareous turbidites contain over 75% CaCO3 and show chemical compositions more
akin to the pelagic sediments of the area than to the other two groups (de Lange et al., 1987).
Sediment coring has shown them to thicken to the west along the Cruiser fracture zone valley
(Weaver et al., 1992) and they are believed to derive from the Cruiser/Hyeres seamount chain.

Geological History
Stratigraphy

The prerequisite of any geological history is a detailed stratigraphy. The MAP lies at a fortuitous
water depth in relation to the CCD, which, as mentioned above, causes the pelagic lithology to vary
in response to changes between glacial and interglacial conditions. These glacials and interglacials
can be correlated with the oxygen isotope stage chronology and several isotope stages can be
identified micropaleontologically using nannofossils (Weaver, 1983). Weaver and Kuijpers (1983)
used this bio-lithostratigraphy to show that the incoming turbidity currents did not erode the seabed,
and that the turbidites entered the area with a frequency related to climate change. Sedimentation fits
aregular pattern, with thick turbidites lying between the successive hemipelagic units (clays and
oozes). Thus the turbidites are deposited both during the transitions from glacial to interglacial
conditions and from interglacial to glacial conditions with a frequency of one turbidite every 20-40
k.y. Twelve of the last eighteen isotope stage boundaries are represented by a turbidite from a
single source and two have turbidites from two sources. Each of the four sources operates for a
limited time period, supplying several turbidites, before giving way to one of the other sources. The
reasons for this are unclear but may be related to recharge times or changes in accumulation rate in
the source areas with time. The Canary Island source may be activated during times of increased
volcanic activity in the islands, and the marine record may therefore give the best constrained
information on these active phases.

Deeper Structure

The longest cores so far recovered from the MAP represent about 730,000 years. The geological
history of the area before this time must therefore be determined from an assessment of the structure
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of the basin from seismic records. The seismic structure has been described by Duin and Kok
(1984), Weaver et al. (1986) and Searle (1987). Four seismic units have been identified, overlying
a basement of Late Cretaceous age (80-100 Ma). The deepest unit (Unit D) is seismically
transparent and only intermittently present and may represent a facies change within Unit C.

Unit C represents pelagic sediment since it drapes over the underlying basement. We believe Unit C
to represent red clay since the area has lain below the CCD almost continuously throughout its
history (Weaver et al., 1986), and cores into the local abyssal hills show red clay sediments below
about 3 Ma. The upper two units (A and B) probably both represent turbidite sediments, the
distinction being in the strength of the reflectors which are much weaker in the lower Unit B. The
combined thickness of Unit A/B varies between 120 and 530 m, but averages about 350 m.

Weaver et al. (1986) interpreted the seismic stratigraphy with reference to the geological history
determined from core data and found a plausible explanation for the origin of the abyssal plain.
Seismic Unit C is about 200 m thick and would have required a long time for its deposition if it is
all or mainly red clay. The turbidite Unit A/B fills the depressions in Unit C and levels off the
seafloor to give the flat plain. Unit A/B has accumulated rapidly - at about 100 m/m.y. for the last
300,000 years calculated from piston cores, although we have a lesser rate of 50 m/m.y. from the
ESOPE cores for the last 730,000 years. These accumulation rates suggest that the abyssal plain
could be formed in just a few million years. Von Rad and Wissmann (1982) have shown that the
adjacent continental margin off northwest Africa built up by steady accumulation throughout the late
Miocene, but this was followed by a period of erosion of the shelf and upper slope in the Pliocene,
giving rise to an angular unconformity. During the late Quaternary there was considerable erosion
of the shelf and upper slope with massive slope failures, slides and debris flows. The lateral
equivalents of these slides and debris flows are found on the plain as turbidites.

Geochemistry
The Redox Status of the Sediments

Difficulties with the direct measurement of Eh in sediments have led to the adoption of a proxy
geochemical convention for defining the redox status, based on the chemical species found in pore
water solution. This is feasible because the oxidation of organic carbon, the principal reductant
buried in sediments, progresses with bacterial mediation using a sequence of electron acceptors in
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order of decreasing thermodynamic advantage. Thus oxygen is utilized first, followed by nitrate,
manganese and iron oxyhydroxides and sulphate in that order (Froelich et al., 1979).

The pelagic sediments on the topographic highs of the GME area have low accumulation rates,
contain only refractory organic carbon, and are oxic (i.e. free oxygen in pore water solution) to
several meters. In contrast, the turbiditic sediments only a few hundred meters deeper on the plain
below are oxic to only a few decimeters depth. The upper two, near-surface turbidites on the plain
are of the organic-rich type. Turbidite a forms the uppermost sedimentary unit over most of the area
studied, is oxic to 20 + 2 cm (Wilson et al., 1986; Thomson et al., 1987), and the oxic/anoxic
boundary is marked by a color change from pale brown to light grey at this depth. To the east,
turbidite a is very thin, (< 20 cm) and here the oxic/anoxic boundary is located at 40-50 cm in
turbidite al and is marked by a color change from brown grey to olive grey (Wilson et al., 1985).

These observations have led to the concept of a progressive oxidation front which is formed as
bottom water oxygen diffuses down into the turbidite from the sediment/water interface after
emplacement, oxidizing as it does so the organic carbon introduced with the turbidite (Wilson et al.,
1985, 1986). Various redox-sensitive pore water species show gradients into the front, which
appears to be coincident with the color changes in both turbidites. The abrupt redoxcline implied
across this front (Sorensen et al., 1987) is in contrast to the succession proposed by Froelich et al.
(1979) which is often taken as the general case for deep-sea sediments. The progressive oxidation
front is interpreted to be principally a diffusion phenomenon, because bioturbation is present only
to 10 cm below the sediment water interface (Thomson et al. 1988).

Several redox sensitive elements (Mn, Fe, P, Co, Cu, Ni, U, V, I, and Zn) redistribute about the
progressive oxidation front when it is active. Some of these redistribution profiles persist in buried
turbidites, where the oxic depths achieved when the fronts were active can be recognized by color
contrasts near the tops of individual units (Jarvis and Higgs, 1987). These color contrasts are
therefore preserved in anoxic pore water conditions experienced following emplacement of later
turbidites.

The deepest pore water investigations made in the GME sediments are those made on the 30 m
cores retrieved on the ESOPE expedition (Schuttenhelm et al., 1988). These data demonstrate that
the pore waters between the active progressive front at < 50 cm and the maximum depth cored are
post-oxic on Berner's (1981) definition, i.e. negligible free oxygen or sulphide in solution.
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Extrapolation of the decrease in the near-linear pore water sulphate profiles suggests zero sulphate
at 100-m depth. Such a long diffusion path length limits the supply of sulphate for sulphide
production. It is unclear why the large amount of reactive organic carbon buried in the GME
turbidites does not drive sulphate reduction at shallow depths in the sediments, as is observed in
sediments in shallower water. In the face of a similar problem, Waples and Sloan (1980) speculated
that bacterial activity will be at the maximum level possible and that electron-acceptor supply may be
the rate-limiting step. Lovely and Phillips (1987) have demonstrated in laboratory experiments that
Fe (IIT) reducing bacteria out-compete sulphate reducers and methanogens when all three types are
present. Certainly, some level of organic degradation is proceeding at depth in the GME sediments
as evidenced by the increasing pore water NHy+ levels with depth (Schuttenhelm et al., 1988). The
post-oxic condition observed in the deeper sediments is consistent with ferric oxyhydroxides as
terminal electron acceptors to at least 30 m.

SCIENTIFIC OBJECTIVES AND METHODOLOGY
Summary of Objectives
1) To investigate mantle source evolution.
2) To conduct high resolution stratigraphic, compositional, temporal, structural, and
sedimentological analysis of a large volcaniclastic apron surrounding an intraplate volcanic island
system and of the more distal abyssal plain sediments.

3) To carry out 3-D basin modelling.

4) To determine the response of the lithosphere to loading and heating during magmatic activity and
enhanced levels of stress associated with temporal changes in plate dynamics.

5) To carry out paleoceanographic and bathymetric reconstructions by identification of dissolution
interfaces, benthic organisms, and isotope studies.
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6) To determine the frequency of turbidite emplacement on the Madeira Abyssal Plain and, through
comparison of these frequencies with standard paleo-sealevel curves, correlate emplacement with
sealevel oscillations through the whole interval of turbidite input to the plain (12 to 15 Ma).

7) To determine the provenance of the turbidite sediments using geochemical, mineralogical, and
micropalaeontological methods.

8) To calculate sediment budgets for the growth evolution and unroofing of Gran Canaria and
organic carbon and volcaniclastic components throughout the Canary Basin by measuring the
volume of sediment, and the percentage of Cyy, in each turbidite on the abyssal plain.

9) To quantify the long-term effects of sediment burial and diagenesis in a sequence of mixed
organic-poor and organic-rich sediments and to assess chemical fluxes between components
(especially volcanic glass and seawater), maturation of organic matter at elevated temperatures in
the proximal facies near the hotter interior of the island as well as during low temperature
diagenetic conditions away from the hot spot.

Specific Objectives and Methodology
Mantle Source Evolution

Major changes in the composition of several distinct mantle sources for primitive magmas have
been found throughout the subaerial development of Gran Canaria (Fig. 6d). The structure and
chemical composition of the non-exposed initial seamount and submarine shield phase comprising
~ 95 vol% of the island are virtually unknown. Obviously, the observed variations in the subaerial
portion, making up only 5% of the volcano, are not representative of the whole volcano. Isotopic
studies of the subaerial volcanics on Gran Canaria show that the isotopic composition changes
significantly with age (e.g. Hoernle et al., 1991; Hoernle and Schmincke, 1993a, b), possibly
reflecting greater influence of lithospheric/asthenospheric assimilation in the late stages of ocean
island volcanism as in Hawaii (Chen and Frey, 1985). If this is the case, then the voluminous
submarine volcanics, formed when the volcano was directly above the plume, whose roots have
been identified as deep as 400 km (Anderson et al., 1992), should more closely reflect the true
isotopic composition of the plume. Recently-analyzed samples from the uplifted basal (submarine)
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complex on La Palma have the most radiogenic Pb yet found in the Canary islands, consistent with
this hypothesis (Hoernle et al., in prep). Knowledge of the chemical composition and age of the
submarine stage on Gran Canaria will allow us to more clearly characterize (1) the composition of
different mantle reservoirs (i.e. plume, asthenosphere and lithosphere), (2) the compositional
variability of these reservoirs, (3) the generation of melts from these reservoirs, and (4) mixing of
magmas/material from these reservoirs. Grain size and freshness of some clasts should be sufficient
to obtain reliable radiogenic isotope ratios.

High-Resolution Stratigraphic, Compositional, Temporal, Structural, and
Sedimentological Analysis

Stratigraphy

Widespread conspicuous seismic reflectors in marine sediments around the Canary Islands and
volcanic islands in general are mostly volcaniclastic debris flow sheets (Wissmann, 1979;
Schmincke and von Rad, 1979). The seismic stratigraphy on the continental slope southeast and
east of the Canary Islands is well established. South of the Canaries, DSDP Sites 369 and 397 on
the West Sahara slope reach Lower Cretaceous. In the north, DSDP Site 415 reaches Late Albian, a
Tithonian reflector can be traced from DSDP Site 416. This seismic stratigraphy cannot yet be
carried across the island chain into the sedimentary basins north and southwest of Gran Canaria but
the current processing of the data collected in 1991 (Meteor 16-4) has revealed a number of well
developed reflectors west and southwest of Gran Canaria that are promising for correlation to the
southeastern basin. The very detailed additional seismic surveys carried out in 1993 will allow a
nearly complete seismic stratigraphy of the entire apron area surrounding Gran Canaria. Age and
composition of such volcaniclastic marker beds can be identified in drill cores. This becomes
especially important closer to an island, where the volcaniclastic debris flow sheets are interbedded
with other volcaniclastic sediments of the apron and are then very difficult to resolve by seismic
methods.

Composition

A major objective is the detailed geochemical analysis of bulk rocks and single components in all
sections drilled using bulk rock analytical methods such as XRF and ICPMS as well as mass
spectrometry for isotope ratios and microprobe and ion probe methods for glass and mineral
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components. Volcanic clasts from various sources can be distinguished by chemical (especially
isotopic) and mineralogical differences. The compositional database for Gran Canaria is unique
since it contains several thousand mineral, >1000 rock, and >100 isotope analyses. Rocks from
Tenerife are less extensively analyzed to date but data from many current projects will be available
by 1994. Volcanic rocks from Madeira and the Canary Islands can be unequivocally distinguished
by major and trace elements as well as isotope ratios (Hoernle et al., in prep.).

Dating

The volcanic nature of widespread reflectors in both basins is a major bonus in providing a gross
stratigraphic framework. This, coupled with the basic more detailed stratigraphic framework
obtained from long piston cores in the MAP and the good biostratigraphic record of the nonvolcanic
sediments, should allow a very good time resolution for the bulk of the sedimentary fill. In the
VICAP-MAP project we will attempt a very high resolution temporal analysis of those major parts
of all sections drilled containing distal deposits of explosive eruptions. This is feasible as a result of
the development of methods to date single crystals by laser heating and the abundance of K-feldspar
and biotite-bearing highly evolved rhyolitic, trachytic, and phonolitic magmas especially on Gran
Canaria (some 50 to 100 volcanic explosive events (ash flows and fallout layers) between 14 and
3.5 Ma whose products are widespread in the sedimentary basins as shown by previous drilling
(DSDP Sites 369, 397) (Schmincke, 1982; Schmincke and von Rad, 1979). This will be
complemented by K-feldspar bearing ash layers from Tenerife, expected to be abundant in the
southwestern and possibly also northern apron in deposits younger than ~ 2 Ma.

Inception of Volcanism with Implications for Hot Spot Migration

A major problem in dating the inception of oceanic intraplate volcanism is the lack of records and
the fact that most of the evolution by volume occurs under water. We expect to be able to much
more precisely date the beginning of volcanism of Gran Canaria and (probably much younger)
Tenerife and, with proposed site VICAP- 5, that of the eastern Canaries, through drilling to the
base of the volcanic apron. These data provide important constraints for calculating progression of
volcanism across the island chain and therefore plate kinematics.

Evidence is increasing from many ocean basins that evolved magmas also erupt at great water
depth, sometimes explosively when the magmas are volatile-rich. Although we cannot exclude that
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such volcanic eruptions also occurred in the Canary Islands, we suspect that the bulk of the evolved
magmas were emplaced during more mature evolutionary phases on land. Our published and
unpublished data from DSDP Sites 369 and 397 indicate that clinopyroxenes and feldspar
phenocrysts, and even most glass shards, are generally fresh in all evolved tephra layers as old as
14 Ma. This will enable high resolution compositional correlation with major units on land most of
which can be distinguished from each other by their glass and mineral compositions.

The proposed focussed drilling strategy aims to identify many of the Miocene and Pliocene evolved
ignimbrites and fallout ashes on Gran Canaria with their counterpart marine flow and fallout tephra
layers, contributing to better volume calculations of magmatic events and quantifying a unique
prototype scenario of land-sea correlations. We also expect to distinguish primary from secondary
volcaniclastic fragments and deposits and thus be able to date and quantify erosional and volcanic
episodes and compare the computed rates and volumes with those derived from the more
accessible, but less complete, record that remains on land.

The entire chemical/petrological, volumetric, and temporal evolution of an intraplate volcanic
system can be quantified. Early stages of the volcanic and magmatic evolution of a "hot-spot
volcano" can be dated and reconstructed. In contrast to Hawaii, detailed studies of the subaerial
volcanics on Gran Canaria provide evidence for the existence of at least three distinct volcanic
cycles, which may have evolved similarly from SiO,-undersaturated, to SiO,-saturated, back to
SiO;-undersaturated magmas. If the submarine portion of the volcano also represent multiple cycles
of volcanism, then the evolution of a Canary Volcano may be significantly different from the
evolution of a Hawaiian volcano. These differences may ultimately reflect differences in rates of
plate motion and plume flux rate. The Hawaiian Islands, the end member for Pacific-type ocean
island volcanoes, were formed on a very rapidly moving plate by a plume with an extremely high
flux rate. The Canary Islands, a possible end member for Atlantic-type ocean islands, on the other
hand, were formed on a very slowly moving plate by a very weak, possibly intermittent plume
(Hoernle and Schmincke, 1993b).

The Madeira Abyssal Plain, the deepest part of the Canary basin, is the ultimate sink for all clastic

material, and is located more than 750 km from the island. The proposed drill site MAP-1 is
expected to contain the very distal facies of Canary Islands volcaniclastic sediments intercalated
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with detritus derived from Madeira, the Atlantis-Meteor seamount complex, and the W-African

continental slope.

Very thin distal turbidites and fallout ashes, potentially extending to more than 1000 km, are
recorded in the MAP based on preliminary data from giant piston cores and the Canary slide
extending from Hierro into the MAP has recently been studied in some detail (Masson et al., in
press). Single mass flows and turbidites that travelled into the very distal abyssal plain must record
major events on the island, most likely giant slumps of the type recently documented in detail in the
Hawaiian Islands (Moore et al., 1989) or major volcanic events such as emergence of an island,
caldera collapse and accompanied huge ash flow eruptions or on land volcanic debris avalanches of
the type recorded for the Middle Pliocene on Gran Canaria (Mehl and Schmincke, 1992).

The volcanic and morphological evolution of Gran Canaria throughout its 15-m.y. subaerial history
has differed significantly in the north and south, the vast majority of the Miocene ash flows
accumulating in the south while the northern half was much more heavily eroded during the
Miocene but was covered with several hundred meters of Pliocene to sub-Recent mafic lava flows
and cones. Drilling of proposed sites VICAP-4 and 5 will enable us to establish a seismic
stratigraphy in the north and shed light on the evolution and age of this basin where the
compositional spectrum and relative amounts of volcanically and erosionally produced detritus for
similar time slices probably differs appreciably from the south. This basin could also be
considerably younger than the Triassic/Early Jurassic rift basin (with salt diapirs) to the east of
Fuerteventura, if the Atlantic opened by multistage episodic rifting. A refinement of the seismic
stratigraphy in the basins north and southwest of Gran Canaria and west of Fuerteventura would
substantially help to constrain these conclusions. Penetration of the volcaniclastic apron by drilling
should provide important data for the spatial and temporal extent and origin of the major
unconformity separating Lower Cretaceous from Neogene sediments.

3-D Modelling of Basin Evolution
The proposed drilling operation and seismic surveys will provide an excellent data base for 3-D
modeling of the clastic apron of Gran Canaria. The limited size of this clastic apron, high resolution

stratigraphy from unusually complete and detailed pre-site surveys and the drilling operation,
identification of sediment geometry from seismic surveys, and point source of sediment fluxes will
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facilitate the development of a model. The main topic is the reconstruction of the system, i.e.
sediment source, dispersion, and fill, the history of deposition of the clastic apron, and unroofing
Gran Canaria.

Model development will include 1) a database of all available data with spatial and time coordinates,
2) end-member modeling of various sedimentological, geochemical, and petrological parameters to
specify sediment-source relations within the stratigraphic framework, 3) a time series approach
based on the recovered material to analyze and correlate series of volcanic and sedimentary events
with emphasis on the major volcanic input-pulses (volcanic cycles) building up the volcaniclastic
apron, 4) areal and volume modeling of the different stratigraphic units (cycles) including seismic
results using geostatistics and other volume-modeling techniques, and 5) a reconstruction of the
apron-building history compared to the Gran Canaria deroofing, and calculation of the sediment
budget by stacking of single stratigraphic units to reconstruct the spatial evolution of the
volcaniclastic apron in an overlay model and numerical simulation of volcaniclastic dispersion and
deposition from the central volcanic area based on volcanological parameters (eruption styles,
eruption intensities etc.), and comparison to the reconstruction.

Response of the Lithosphere

The bathymetry around oceanic intraplate volcanic complexes is determined by 1) the density-,
thickness- and age-dependant static equilibrium of underlying oceanic basement, 2) subsidence by
loading with the volcanic edifices and their volcaniclastic aprons (e.g. Watts et al. 1985; Brocher
and ten Brink, 1987; Watts and ten Brink, 1989), 3) subsidence by loading with continent-derived
sediments, and 4) uplift by reheating of the lithosphere due to thermal anomalies in the mantle
associated with intraplate volcanism (McNutt, 1984).

In the case of the Canary Islands, the relative scale of these effects is a matter of ongoing debate.
The Moho was found to lie at a rather constant depth of 15 to 16 km below the central Canary
Islands by Banda et al. (1981). Filmer and McNutt (1988) in their study on geoid anomalies did not
find evidence for shallow reheating or presence of a mantle plume while Dafiobeitia (1988)
postulated a depth anomaly in the order of 500 to 1,000 m. He assumed that uplift of the
lithosphere by reheating during the beginning of Canary Islands volcanism at 50 Ma almost
balances the subsidence resulting from lithosphere thickening by cooling and loading with
sediments.
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The zone of intraplate deformation offers the prospect of making quantitative progress in the study
of lithospheric response to enhanced levels of stress associated with temporal changes in plate
dynamics. Identification of marker beds enables volumetric interpretations and reconstruction of the
three-dimensional structure of the volcaniclastic apron, which in turn allows deduction of the spatial
and temporal response of the lithosphere/mantle system (intraplate deformation and mechanics of
flexure) to gravitational loading. It can also reveal the tectonics related to the growth of a volcanic
island and the tectonic evolution of a volcaniclastic basin next to a volcanic island. The sediment
aprons around the islands preserve direct and indirect evidence of volcano growth and vertical
movements. The area provides an interesting analogy to the northeastern Indian Ocean where
integrated marine geophysical and modeling studies have demonstrated the crucial role that
intraplate stresses (Cloetingh and Wortel, 1985) play in causing a concentration of extensional and
compressional deformation in the oceanic lithosphere (Stein et al., 1989, 1990). VICAP-MAP will
study the interplay of vertical loading and in-plane stresses using high-resolution data on the
temporal evolution of the area. For this purpose, the flexural behavior of the lithosphere using
depth-dependant rheologies and variations in stress level associated with this particular tectonic
setting will be modelled using state of the art numerical modelling techniques (Cloetingh et al.,
1989).

Paleobathymetry and Paleoceanography

The VICAP drill holes provide important perspectives for the reconstruction of paleobathymetry and
paleoceanography of the eastern North Atlantic Ocean in the surroundings of the Canary Islands. It
will be of particular importance to investigate the paleobathymetry of the volcaniclastic apron by
means of 1) reconstructing the CCD and other dissolution interfaces, 2) analyzing, in detail, the
communities of benthic organisms, particularly benthic foraminifera, as qualitative depth indicators,
and 3) comparing carbon isotope ratios in the shells of calcareous benthic organisms and planctic
surface water dwelling organisms (particularly the carbon isotopes of benthic organisms during
periods of elevated carbon contributions in the course of volcanic activity maxima).

Inferences on sea level changes will allow us to separate local from global, tectonically-related

effects. The system of currents in the vicinity of the Canary Islands during the past 15 m.y.
(stratigraphy of deep-water circulation) can be reconstructed and the response of currents (direction,
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velocity, composition, temperature, stratification, etc.) to the evolution of the Canary Islands
evaluated.

Important paleoceanographic problems can be addressed when drill holes successfully sample the
old Mesozoic part of the Atlantic Ocean. The youngest sediments will permit detailed studies of the
Neogene sedimentary sequence with emphasis on the Messinian salinity crisis, which is developed
in the Mediterranean but also seems to leave a trace in the isotope signals of the entire Atlantic.

Information on paleo-wind directions can be gained by reconstruction of depositional fans of
Plinian fallout ashes. Late Tertiary and Quaternary climatic evolution in the Sahara and Sahel Zone
may be deduced from silica dust fluxes (Tiedemann et al., 1989).

Frequency of Turbidite Emplacement

Determining rates and frequencies of sedimentary processes depends on high resolution
stratigraphy. For the late Quaternary in the MAP, we have been able to tie turbidite depositional
events to periods of changing bottom water mass, which have elsewhere been linked to climate
change. Our resolution is in the order of a few thousand years, and while recognizing that our
integrated stratigraphy in this area will never have the resolution now available from recent
paleoceanographic legs, it is likely to provide the best stratigraphy for any abyssal plain studies.

We propose to use the same stratigraphic methods for the upper part of the sequence to at least 2.5
Ma because hemipelagic cores from the area show similar alternating carbonate rich and poor layers
for the whole of this interval. Thus the methods of high resolution stratigraphy, involving
calcareous nannofossils and a lithostratigraphy, should be applicable to at least this age. Beyond
2.5 Ma, the hemipelagic sequence becomes rapidly more carbonate-poor due to dissolution
although good paleomagnetic signals can be found throughout.

High-resolution stratigraphy therefore becomes more complicated beyond 2.5 Ma but it is possible
to analyze calcareous nannofossils from the turbidites which were originally deposited well above
the CCD, and, due to rapid burial, have had their carbonate preserved. They obviously contain a
reworked mixture of nannofossils but first occurrence data (FAD’s) will not be affected. The FAD
of a species will simply occur in the first turbidite to be laid down after its appearance, and, since
turbidites occur frequently on the plain, this age will be close to the true age of this datum. Weaver
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et al. (1992) has shown that the turbidites contain mainly contemporaneous material representing a
mixture of only one or two hundred thousand years (the events that initiated them did not erode
deeply into older sediments). By using FAD data alone, half of the datum planes used in standard
nannofossil zonations of the last 15 m.y. would be available. This would enable us to divide the
sequence into approximately one million year long intervals, within which it would be possible to
determine the total number of turbidites.

The method therefore divides into a high frequency correlation for the last 2.5 m.y. where we can
compare individual turbidites with individual sealevel changes, and, beyond 2.5 Ma, a lower
frequency comparison of periods of turbidite input with lowstands on accepted sealevel curves. By
drilling beyond 2.5 Ma, we will test whether the plain sediments are built up from packets of
turbidites separated by long intervals of hemipelagic accumulation and whether these turbidite
packets correlate with sealevel lowstands. If the correlation of turbidite input with sealevel change
holds, intervals such as the early and middle Pliocene, representing about 2.5 m.y., would be
represented by just a few meters of pelagic clay. On seismic records these would be
indistinguishable from a single turbidite layer. If such a correlation exists, it would indicate that
periods of non-oscillating sealevels represent periods of stable sediment accumulation on the
continental margin. We know that the margin was stable in this way for much of its history before
the initiation of the abyssal plain.

Provenance of Turbidite Sediments

Work to date (Weaver et al., 1992) has shown four distinct sources of turbidites, volcanic-rich
turbidites derived from the oceanic islands, organic-rich ones from the continental margin both
north and south of the Canaries, and carbonate-rich ones from seamounts to the west of the plain.
This analysis is based on geochemical analyses and mapping the entry points on the plain using
grain size analyses.

We expect there to be a strong correlation between volcanic turbidite emplacement and active
volcanic phases on the Canary Islands and Madeira. Some of our other work around the Canaries is
aimed at determining whether single volcanic eruptions initiate mass wasting or whether material
first accumulates on the island slopes until it becomes unstable. These volcanic-rich turbidites
nevertheless seem to be tied to sealevel change and there could be a link between climate (sealevel)
change and volcanic activity as well as sealevel change and slope stability.
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We still do not understand why only one turbidite is contributed at each sealevel change when there
are four widely separated independent sources. The answer to how these sources communicate may
lie in recharge times in the source areas or in initiation of mass wasting by earthquake activity.
Earthquakes are not frequent on this passive margin but during, or following, sealevel change,
there may be a period of crustal readjustment when earthquakes are more frequent and larger. Thus
sealevel change could be an indirect cause of sediment instability.

Sediment Budgets
Volcanic Apron

To determine sediment budgets for material transferred from the submarine and subaerial stages of
the Canary Islands by volcanic processes and erosion, as well as for filling of the abyssal plain, it
will be necessary to (a) drill the different facies areas of the apron on the two contrasting
sedimentation basins north and south of Gran canaria as well as the abyssal plain, (b) identify the
volcanic-rich turbidites and their source areas, (c) obtain a nannofossil stratigraphy from the
turbidites, (d) radiometrically date their volcanic minerals, and (e) estimate the area covered by
individual flows from seismic data as done for several recent turbidites by Weaver and Rothwell
(1987). Calculation of the sediment budget through time is necessary for determining the size of the
Canary Islands, particularly how they have expanded and contracted during periods of activity and
periods of increased erosion.

Canary Basin

Sufficient data on the MAP exits to enable the construction of isopach maps for each sedimentary
unit through the last 300,000 years (Weaver and Rothwell, 1987; Rothwell et al., in prep). These
maps have allowed us to calculate the volumes of material in each flow, showing that the largest
turbidites have volumes in the order of 190 km3. We have used large numbers of piston cores for
these calculations but a consistent pattern has emerged with turbidites thickening either to the east or
the west and being fairly constant from north to south. To determine the volumes of each flow in
the deeper parts of the sequence a minimum of four drill sites is required. Since we know the
boundaries of the plain, back in time through our dense seismic grid, we will be able to extrapolate
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from the measured thicknesses of each turbidite in each drillsite. Identification of the same turbidite
in different cores is based upon the fact that each one usually has its own microfloral and
geochemical signature. Once the turbidite sequence is dated, we will be able to use the seismic data
to follow time planes across the whole plain and, in this way, determine volumes of turbidite
material for each time interval.

Mass-wasting produces slides, debris flows, and turbidites, and so the turbidite volumes will not be
equivalent to the total volume of transported material. However, our work has shown that mass
wasting occurs along large tracts of the margin and it would be impossible to drill each set of mass
wasting deposits on the continental slope. The Northwest African margin is unlikely to be
exceptional in this respect, and debris flows are expected on most continental margins. Drilling
abyssal plains, therefore, offers the best opportunity to determine sediment budgets for whole
basins, but we must understand the relationship of debris flows to turbidites. Work carried out by
the UK and EEC on the Northwest African margin has shown that for turbidite b, deposited at the
end of the last glacial, the turbidite on the plain has a volume of 120 km3 and debris flows on the
continental slope a volume of 400 km3. As a percentage of the total mass-wasted deposits of this
event, the volume of turbidite b is rather small, but this event appears exceptional in the size of its
debris flow content, in that the debris flow reached to the edge of the abyssal plain, over 700 km
from source, (Masson et al., in press). Preliminary data suggests the turbidite may represent
between 50 and 100% of most flows.

Geochemistry

The VICAP-MAP project will pursue the geochemical identification of turbidite provenance as
demonstrated by de Lange et al. (1987) and work in progress by Jarvis. This is relevant to possible
variation of source areas and source frequencies over time. Interpretation would be facilitated by the
spectral gamma logging of the holes and potentially an intercalibration of this physical response
with chemical analyses of the solid phase by IP-AES and IP-MS.

Long-term persistence of the record of oxidation fronts in the turbidites will also be investigated
(Thomson et al. 1987). This includes examination of the long-term persistence of metal relocations,
particularly of uranium (Colley and Thomson, 1985, 1990; Colley et al., 1989; Jarvis and Higgs,
1987). The more mobile redox active elements, such as iron and manganese, migrate away after
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conditions become reducing, so that the interpretation of paleoredox conditions requires an
understanding of elements which do not remobilize and thus are expected to provide persistent
signatures in the sedimentary record. VICAP-MAP studies will evaluate the stability of such
signatures in sediments older than the 700-ka examples studied to date (Colley, and Thomson,
1990).

This project will also investigate authigenic minerals which have been suggested to accompany
diagenesis of organic-rich turbidites, e.g. iron silicates (de Lange and Rispens, 1986). This work
requires high quality pore-water samples, fully protected from atmospheric oxidation. To date, such
samples have only been obtained from the upper 10 m at the GME site. Because the relevant
diagenetic processes are quite slow, it is likely that deeper high quality samples will provide more
useful information on the active mechanisms. This investigation would combine shipboard pore-
water analysis with later laboratory extraction experiments and electron microscopy and microprobe
studies. In this way the mechanism of utilization and development of cementation in a mixed
pelagic/turbidite sequence with varying proportions of CaCO3 can be examined.

Investigations will also be made on pore water geochemistry. Large quantities of organic carbon are
buried with the upper turbidites: concentrations in the range 0.5-1.5% are found in the organic-rich
turbidites (de Lange et al. 1987; Jarvis and Higgs, 1987). This carbon is not inherently refractory,
since it is readily remineralized in those parts of the turbidites which have been in prolonged contact
with bottom water oxygen (Wilson et al. 1985, 1986). Nevertheless, buried organic carbon appears
to undergo only very slow oxidation once oxygen and nitrate are exhausted. Even though theory
suggests that active sulphate reduction and sulphide production should occur, it does not; high
levels of pore water sulphate persist. Existing theory is therefore inadequate. Extrapolations from
existing pore water data (30-m cores) suggest that pore water sulphate is not in fact consumed until
a depth of about 100 m below the sediment-water interface is reached. Such a gradient length limits
the potential sulphate supply and sulphide formation. The pore water concentrations of ammonium
and phosphate ions, however, both increase linearly with depth over 30 m, suggesting that organic
remineralization may be active at greater depth, although again the calculated transport ratios are not
consistent with a sulphate reduction stoichiometry. The long-term fate of this reactive organic
carbon in the deep-sea requires elucidation, and the most promising approach is an investigation of
a comprehensive suite of pore water species at depth.
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The diagenesis and maturation of the organic component of the sediment will also be studied by
techniques such as Rock-Eval pyrolysis both above and below the level of sulphate reduction.

The VICAP-MAP project will also permit assessment of chemical fluxes between components,
especially volcanic glass and seawater, maturation of organic matter at elevated temperatures in the
proximal facies near the hotter interior of the island as well as during low temperature diagenetic
conditions away from the hot spot.

The timing of hydrothermal and low-temperature circulation and the mass budget of element
exchanges related to the submarine growth stage of Gran Canaria will be investigated by
determination of diagenetic gradients, authigenic phases, and alteration of volcanic glass along
radial profiles (e.g. Bednarz and Schmincke, 1989). The glassy nature of volcaniclastic debris
makes it an especially sensitive indicator of diagenetic processes.

DRILLING PLAN/STRATEGY

Locations and descriptions of the proposed VICAP and MAP sites are given in Table 1 and shown
in Figs. 8 and 9, respectively.

Southern Sites (VICAP)

We propose to drill four holes south and southwest of Gran Canaria, penetrating the proximal
(proposed site VICAP-5), medial (proposed sites VICAP-4 and -7), and distal facies (proposed site
VICAP-8) in the South Canary Basin.

These sites should provide a fairly complete sequence of volcaniclastic deposits derived from the
submarine and southern subaerial volcanic stages, especially many submarine equivalents of the
large ash flows that entered the sea along the paleocoastline of the island between ~ 14 and 10 Ma,
as well as younger fallout layers. The seismic lines available show a clear separation of an upper
and lower group of sediments, interpreted as the main boundary between the bulk of the submarine
growth stage of the Gran Canaria volcaniclastic apron, overlain by younger volcaniclastic Gran
Canaria apron deposits (subaerial stages?) and the much younger Tenerife volcaniclastic apron,
distinguishable by age and composition from those derived from Gran Canaria. Very abundant
fallout tephra (ash) layers and distal submarine extensions of ash flows that entered the sea at the
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southwestern coast of Tenerife during the past 2 m.y. should dominate the uppermost part of the
section. The excellent recovery of Miocene and younger fallout ash layers at ODP Sites 369 and
397, southeast of Gran Canaria, makes us confident that many ash layers will be recovered. The
number and ages of fallout ashes from Gran Canaria recovered will be largely dependant on the
(unknown) paleowind direction. Those erupted from the Pico de Teide Complex on Tenerife should
be very abundant, because the sites are downwind from the island.

Northern Sites (VICAP)

We propose to drill three sites north and northeast of Gran Canaria to penetrate the “seismic apron”
on the island flank (proposed site VICAP-2) and the proximal (proposed site VICAP-6)
medial/distal facies (proposed site VICAP-1) in the North Canary Basin.

The northern sites are expected to reflect volcanism, erosion and sedimentation that differ
significantly from the south. We hope to penetrate the lowermost part of the Gran Canaria as well
as Fuerteventura (?) aprons. These data will show if the age of volcanism in the eastern Canary
islands is compatible with a hot spot location at 20 to 30 Ma and an age progression of volcanism
from northeast to southwest as proposed by Holik et al. (1991). A similar age progression was
proposed by Daiiobeitia and Collette (1989) from interpretations of seismic reflection profiles.
While the deposits from the submarine stage of Gran Canaria may, or may not, differ in
composition and type from those in the south, the younger volcaniclastic deposits should reflect a
volcanic and erosional evolution that differs appreciably from that in the south. We expect sufficient
fallout layers and distal submarine equivalents of ash flows to date the deposits by single crystal
laser heating because ash flows were also erupted from the northern ring fissures of the Miocene
caldera but in lesser amounts. Phonolitic deposits from the Fataga Group (~ 13-10 Ma) should
dominate. We also expect much more erosional detritus from the Miocene rhyolitic and trachytic
stages. By far the largest difference should show up in the Pliocene to Recent deposits. Primary
and eroded products from the > 100 km3 Roque Nublo Stratovolcano (comparable to present day
Tenerife in size but not in composition) ash flows, lavas, debris flows, lahars were largely
channeled to the north and northeast, the thick Las Palmas clastic fan on land indicating the huge
volume of these deposits. Ash layers from the Roque Nublo phase of volcanic activity (~ 5-3.5 Ma)
should be abundant at these sites. Detritus from eroded basanitic to nephelinitic flows should
dominate the volcaniclastic deposits from the last 2 m.y., probably interspersed with some fallout
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tephra layers from Tenerife. We do not expect thick volcaniclastic apron deposits from Tenerife at
these sites, however.

Cross-Channel Sites (VICAP)

Two sites will be drilled to establish a correlation between North and South Canary Basin across the
channels separating Gran Canaria from Tenerife (proposed site VICAP-9) and Gran Canaria from
Fuerteventura (proposed site VICAP-3).

Deep Objectives (MAP)

Drilling this site (proposed site MAP-1; Fig. 9) in the deepest part of the Madeira Abyssal Plain will
provide information on the timing and frequency of mass wasting events for the whole Canary
Basin.

Shallow Objectives (MAP)

Drilling these sites (proposed sites MAP-2, -3, and -4; Fig. 9) will allow calculations to be made of
volumes of individual sediment flows which can be used to determine sediment budgets for the
whole Canary basin. We propose to drill three sites in addition to proposed site MAP-1 at locations
distributed across the abyssal plain, penetrating as far as the base of the turbidite sequence (350 m
maximum). This set of sites would allow the first mapping of the build-up of an ocean basin on a
layer by layer basis, thus providing the information for calculating the volumes of sediment
transported to the deep ocean per unit time. The extensive knowledge of the area already obtained
will allow precise estimates of the volumes of individual turbidite flows from just the four sites.
When this is combined with estimates of the amount of material deposited as debris flows on the
continental rise calculations of sediment budgets for the whole Canary Basin can be made. Since
some of the turbidites have a volcanic origin, we will also be able to calculate erosion rates for the
Canary Islands and Madeira.
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PROPOSED SITES
VICAP

Proposed site VICAP-1 is located in the North Canary basin and will be drilled to a depth of
approximately 1000 m in an attempt to determine the thickness of the medial/distal facies of the
shield stage and the younger volcaniclastic deposits north of Gran Canaria.

Proposed site VICAP-2 is located on the outermost edge of the massive island flank, i.e. the
“seismic apron”. VICAP-2 will be drilled to a depth of approximately 800 m to test the validity of
dating initiation of the the volcanic island/seamount by the stratigraphic position of the base of the
apron.

Proposed site VICAP-3, east of Gran Canaria, is located in the channel between Gran Canaria and
Fuerteventura on the top of a major volcaniclastic debris avalanche deposit that has been well dated
on land. VICAP-3 will be drilled to a depth of approximately 700 m through a sediment pocket in
an attempt to correlate North to South Canary Basin stratigraphy across channel.

Proposed site VICAP-4, and its alternate propsoed site VICAP-4a, is located S-SE of Gran
Canaria. This site will be drilled to a depth of approximately 500 m to determine the thickness of the
volcaniclastic deposits (i.e. the medial facies). DSDP Site 397, located further south, will be used
as a reference site for the distal facies. An attampt will be made to verify the correlation of DSDP
Site 397 stratigraphy with the MCS M16-4 and M 24 records in the deep part of the South Canary
Basin well away from the continental slope.

Proposed site VICAP-5 will be drilled to a depth of approximately 300 m and will penetrate the
volcaniclastic deposits (proximal facies) south of Gran Canaria. The site is loacted at the
continuation of a large on-land canyon. By drilling this site, we aim to determine the sedimentation
rates for a major drainage system that has operated since the Miocene shield stage.

Proposed site VICAP-6 is loacted directly north of Gran Canaria and will penetrate volcanic/
volcaniclastic deposits (proximal facies). This site will be drilled to an approximate depth of 300 m
in an attempt to establish the thickness of individual volcanic layers down to the top of the shield
stage on the island flank (i.e.the “seismic apron”) as close as possible to Gran Canaria.
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Proposed site VICAP-7 is located southwest of Gran Canaria. This site will be drilled to an
approximate depth of 1000 m in an attempt to identify and determine the thickness of the Gran
Canaria shield stage and the younger Gran Canaria and Tenerife deposits (the medial facies).
Furthermore, we will compare the stratigraphy recorded at this site, close to Gran Canaria and
Tenerife, to that at the more distant DSDP Site 397 and proposed site VICAP-4.

Proposed site VICAP-8 is located southwest of Gran Canaria and directly south of Tenerife. This
site will be drilled to an approximate depth of 1300 m and furthers the primary objective at
proposed site VICAP-7, identifying and establishing the thickness of the Gran Canaria shield stage
and the younger Gran Canaria and Tenerife deposits.

Proposed site VICAP-9 is located in a channel between Gran Canaria and Tenerife. This site will be
drilled to a depth of approximately 500 m in an attempt to penetrate a sediment pocket next to a
small (young) volcanic island within the channel. Stratigraphy recorded at this site will augment the
cross-channel stratigraphic correlation obtained from propsoed site VICAP-3.

MAP

Proposed site MAP-1 has been chosen from 9,600 km of airgun, watergun, and 3.5 kHz profiles in
the abyssal plain because all the seismic reflector units are well developed. This ensures that the
base of each seismic unit should be dateable at its oldest point (particularly important where units
may onlap onto basement highs). The site also lies in a fracture zone valley which, throughout its
history, has had a connection through to the continental rise to the east. Thus, as far as we can tell,
there has never been an obstruction to turbidity current flow. This site, therefore, provides the best
opportunity to ascertain the relationship of turbidite input to sea-level change prior to 300,000 years
BP. It is also intended to sample the complete record of volcaniclastics derived from the Canary
Islands, from the Madeira Archipelago, and from the Atlantis-Meteor Seamount complex, with the
unique opportunity to date the earliest input, and thus minimum age, of each volcanic area.

Estimates of the total thickness of turbidites in the area vary because there are two models for the
seismic structures as discussed by Weaver et al. (1986). Duin and Kok (1984) and Searle et al
(1985) both divide the sequence into four units. They agree that the deepest unit (D) which occurs
in basement troughs, probably represents locally derived turbidites, volcaniclastic deposits or fluid
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lava flows and lies on basement of 80-100 Ma age. The next unit (C) probably represents pelagic
clay with an average of 200-m thickness and an average accumulation rate in excess of 2.2 m/my.
The top two units (A and B) are both regarded as turbidites by Searle et al., but Duin and Kok
regarded only Unit A as of turbidity origin, with Unit B consisting of pelagics and some
interbedded turbidites. Unit B is about 225-m thick and less well stratified with fewer reflectors
(Duin et al, in press). Unit A averages about 125 m in thickness and is strongly laminated. Searle et
al have shown that Units A and B are conformable, while Unit A/B is unconformable on the
underlying Unit C. The reflectors visible in Unit B are sub-horizontal and parallel to those in Unit
A. The true origin of Unit B will be revealed by deep drilling.

Proposed site MAP-1 is located at the site of piston core 82PCS13 which shows a complete
turbidite sequence through the last 190 k.y., including turbidites a to g. The site lies 25 km to the
west-southwest of the site of a 34-m long giant piston core MD10 which contains a complete
turbidite sequence through the last 690 k.y. (isotope stages 1 to 17) including turbidites @ to u. The
average accumulation rate of this giant piston core is 50 m/m.y., although other IOSDL cores from
the abyssal plain show accumulation rates of up to 100 m/m.y. Taking the seismic unit A/B as
representing turbidites and an accumulation rate of 50 m/m.y., about 7 m.y. would be required to
create the area of abyssal plain we see today. This late Miocene age for the initiation of the plain
does not agree with the depositional history of the northwest African margin. Von Rad and
Wissmann (1982) suggest quiet continuous deposition from the earliest Miocene to the mid
Pliocene, with little erosion or canyon cutting. The Pliocene, however, was a time of major canyon
cutting and erosion, giving rise to an angular unconformity under the shelf and upper slope. This
erosion was continued through the Pleistocene when old canyons were re-excavated and major
submarine slides and debris flows were initiated. This Plio-Pleistocene erosive phase is almost
certainly linked with Northern Hemisphere glaciation and associated sealevel changes.

Since the onset of Northern Hemisphere glaciation was at 2.5 Ma, either the early turbidite
deposition was at much higher rates than during the last 700 k.y., or older turbidite packages are
also incorporated in the sediment sequence. Such high deposition rates would agree with the
Pliocene period of strong erosion which gave rise to the Pliocene angular unconformity described
by von Rad and Wissmann (1982). It is possible that the long period of quiet sedimentation
through the Miocene was followed by large scale erosion associated with the initiation of glaciation
and associated sealevel oscillations. Earlier turbidite packets could include the Late Miocene and
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Late Oligocene (von Rad and Wissmann, 1982). Drilling the abyssal plain will determine which
hypothesis is correct and effect budget calculations for the whole Canary Basin.

Proposed sites MAP-2 and 3 will be located proximally near the base of the Lower Continental
Rise, both at water depths of 5430 m, and will encounter silty and sandy turbidite bases.
Experience suggests that, in this area, no more than 30% of each turbidite will be coarse, and thus
we hope to achieve good recovery. The two sites have been chosen to identify one of two possible
entry routes for turbidites into the abyssal plain (one from the south and one from the north) by
examination of the thickness and coarseness of basal layers of each turbidite.

Proposed site MAP-4 is located to the north of the central basin (5440 m water depth) in an area
where additional small turbidites are common. It will provide information on thickness of both
large and small turbidites.

The MAP has lain below the CCD through most of its history, and calcareous fossils are therefore
rare or absent in the hemipelagic sediments, giving rise to problems of stratigraphic interpretations.
This can, however, be overcome by obtaining a nannofossil stratigraphy from the turbidites
themselves, and secondly by radiometric dating of potassium-bearing volcanic minerals in the
turbidites. Examination of first occurrences of marker species in the turbidites, and not last
occurrences, can be expected to give true age information.
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TABLE 1

PROPOSED SITE INFORMATION
and
DRILLING STRATEGY

SITE: VICAP-1 PRIORITY: 1 POSITION: 28°44'N, 15°04'W
WATER DEPTH: 3560m SEDIMENT THICKNESS:~4000m TOTAL PENETRATION: ~4000m
SEISMIC COVERAGE: MCS lines M 24, P 134/203, and 135/204.

Objectives: To establish a high resolution lithostratigraphy of North Canary Basin sediments and identify
volcaniclastic deposits as stratigraphic events. To determine the thickness of the medial/distal facies of the shield stage
and younger volcaniclastic deposits north of Gran Canaria.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

SITE: VICAP-2 PRIORITY: 1 POSITION: 28°34'N, 35'W
WATER DEPTH: 3580m SEDIMENT THICKNESS:~3800m TOTAL PENETRATION: ~800m
SEISMIC COVERAGE: MCS lines M 24, P 202, and 301,

Objectives: To establish the stratigraphic sequence of the North Canary Basin and to identify the volcaniclastic
deposits as stratigraphic events. To drill through the outermost edge of the massive island flank (“seismic apron™) and
test the method of dating the initiation of a volcanic island/seamount by the stratigraphic position of the base of the
apron.

Drilling Program: APC, XCB, and RCB coring.
Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

SITE: VICAP-3 PRIORITY: 1 POSITION: 28°02'N, 14°59'W
WATER DEPTH: 1540m SEDIMENT THICKNESS: ~700m TOTAL PENETRATION: ~700m
SEISMIC COVERAGE: MCS lines M24, P 130, and 132/133.

Objectives: To drill through a sediment pocket in the channel between Gran Canaria and Fuerteventura (condensed
stratigraphy?) on top of a major volcanic debris avalanche deposit well dated on land. To correlate North to South
Canary Basin stratigraphy across channel,

Drilling Program: APC, XCB, and RCB coring

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.
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SITE: VICAP-4 PRIORITY: 1 POSITION: 27°18'N, 15°13'W WATER DEPTH: 2950m
SEDIMENT THICKNESS: total unknown, to R7 ~400m TOTAL PENETRATION: ~500m
ISEISMIC COVERAGE: MCS lines M 24, VEMA 30-05, and P 127.

Objectives: To determine the thickness of volcaniclastic deposits (medial facies) south/southeast of Gran Canaria
with DSDP Site 397 as a reference site for distal facies. To verify correlation of Site 397 stratigraphy with M 16-4
and M 24 MCS records in the deep part of South Canary Basin well away from the continental slope.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

OR

SITE: VICAP-4a PRIORITY: 2 POSITION: 27°19'N, 15°23'W WATER DEPTH: 2950m
SEDIMENT THICKNESS: total unknown, to R7 ~400m TOTAL PENETRATION: ~500m
SEISMIC COVERAGE: MCS lines M 24, VEMA 30-05, and P 126.

Objectives: To determine the thickness of volcaniclastic deposits (medial facies) south/southeast of Gran Canaria
with DSDP Site 397 as a reference site for distal facies. To verify correlation of Site 397 stratigraphy with M 16-4
and M 24 MCS records in the deep part of South Canary Basin well away from the continental slope.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

SITE: VICAP-5 PRIORITY: 1 POSITION: 27°40'N, 15°41'W
WATER DEPTH: 375m SEDIMENT THICKNESS: ~300m* TOTAL PENETRATION: ~300m
SEISMIC COVERAGE: MCS lines M 24 and P 121.

* to top of island flank

Objectives: To drill through the continuation of a large on-land canyon to determine sedimentation rates for a major
drainage system that has operated since the Miocene shield stage. To identify volcaniclastic deposits (proximal facies)
south of Gran Canaria.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.
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SITE: VICAP-6 PRIORITY: 1 POSITION: 28°24'N, 15°36'W
WATER DEPTH: 3400m SEDIMENT THICKNESS: ~4000m TOTAL PENETRATION: ~300m
SEISMIC COVERAGE: MCS lines M 24, P 201, and 301.

Objectives: To identify volcanic/volcaniclastic deposits (proximal facies) to the north of Gran Canaria. To determine
the thickness of individual volcanic layers down to the top of the shield stage island flank (*seismic apron™) as close to
Gran Canaria as possible.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

SITE: VICAP-7 PRIORITY: 2 POSITION: 27°27'N, 16°23'W
WATER DEPTH: 3560m SEDIMENT THICKNESS: ~4500m TOTAL PENETRATION: ~1000m
SEISMIC COVERAGE: MCS lines M 16-4, P 1, and 113.

Objectives: To determine the thickness of the Gran Canaria shield stage and younger Gran Canaria and Tenerife
deposits (medial facies) southwest of Gran Canaria and southeast of Tenerife. To determine the stratigraphic changes
nearer to Tenerife (and Gran Canaria) and further off the continent compared to proposed site VICAP-4 and DSDP Site
397 and to identify Gran Canaria and Tenerife shield stages within the South Canary Basin stratigraphy.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

SITE: VICAP-8 PRIORITY: 2 POSITION: 27°16'N, 16°42'W
WATER DEPTH: 3620m SEDIMENT THICKNESS: ~4000m TOTAL PENETRATION: ~1300m
SEISMIC COVERAGE: MCS lines M 16-4, V 30-05, and P 1.

Objectives: To determine the thickness of the Gran Canaria shield stage and younger Gran Canaria and Tenerife
deposits (distal facies) southwest of Gran Canaria and south of Tenerife. To identify the position of Gran Canaria and
Tenerife shield stages within the South Canary Basin stratigraphy.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.
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SITE: VICAP-9 PRIORITY: 2 POSITION: 28°06'N, 16°03'W
WATER DEPTH: 2510m SEDIMENT THICKNESS: ~500m* TOTAL PENETRATION: ~500m
SEISMIC COVERAGE: MCS lines M 24, P 109, 115, and 117.

* to volcanics

Objectives: To drill through a sediment pocket next to a small (young) volcano in the channel between Gran
Canaria and Tenerife (condensed stratigraphy?). To correlate North to South Canary Basin stratigraphy across channel.

Drilling Program: APC, XCB, and RCB coring.
Logging and Downhole Operations:

Nature of Rock Anticipated: Volcaniclastics and hemipelagic.

SITE: MAP-1 PRIORITY: 1 POSITION: 31°09'N, 25°26.2'W
WATER DEPTH: 5440m SEDIMENT THICKNESS: 580m TOTAL PENETRATION: 500m
ISEISMIC COVERAGE: SCS high resolution Tyro 1982 airgun/watergun, IOS Farnella 3/81 + various

Objectives: To determine the high resolution stratigraphy for Pliocene-Quaternary turbidite fill of the Madeira
Abyssal Plain. To conduct geochemical logging of the sequence to determine the sedimentary diagenetic history and
provenance.

Drilling Program: APC and XCB coring.

Logging and Downhole Operations: Logging for geochemical properties.

Nature of Rock Anticipated: Distal turbidites and pelagic oozes, marls, and clays.

SITE: MAP-2 PRIORITY: 2 POSITION: 31°56'N, 24°05'W
WATER DEPTH: 5430m SEDIMENT THICKNESS: 1000m TOTAL PENETRATION: 300m
ISEISMIC COVERAGE: Tyddeman 1980 watergun, RGO Tyro 1982 SCS deep penetration + various

Objectives: To determine the high resolution stratigraphy for Pliocene-Quaternary turbidite fill of the Madeira
Abyssal Plain. To conduct geochemical logging of the sequence to determine the sedimentary diagenetic history and
provenance.

Drilling Program: APC, VPC, and XCB coring.

Logging and Downhole Operations: Logging for geochemical properties.

Nature of Rock Anticipated: Distal turbidites and pelagic oozes, marls, and clays.
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SITE: MAP-3 PRIORITY: 1 POSITION: 30°47'N, 24°24'W
WATER DEPTH: 5430m SEDIMENT THICKNESS: 750m TOTAL PENETRATION: 500m
SEISMIC COVERAGE: SCS high resolution Tyddeman 1980 watergun, IOS Farnella 3/81 + various

Objectives: To determine the high resolution stratigraphy for Pliocene-Quaternary turbidite fill of the Madeira
Abyssal Plain. To conduct geochemical logging of the sequence to determine the sedimentary diagenetic history and
provenance.

Drilling Program: APC, and XCB coring.

Logging and Downhole Operations: Logging for geochemical properties.

Nature of Rock Anticipated: Distal turbidites and pelagic oozes, marls, and clays.

SITE: MAP-4 PRIORITY: 1 POSITION: 31°59'N, 25°02'W
WATER DEPTH: 5440m SEDIMENT THICKNESS: 750m TOTAL PENETRATION: 300m
SEISMIC COVERAGE: RGO Tyro 1982 SCS deep penetration + various

Objectives: To determine the high resolution stratigraphy for Pliocene-Quaternary turbidite fill of the Madeira
Abyssal Plain. To conduct geochemical logging of the sequence to determine the sedimentary diagenetic history and
provenance.

Drilling Program: APC, and XCB coring.

Logging and Downhole Operations: Logging for geochemical properties.

Nature of Rock Anticipated: Distal turbidites and pelagic oozes, marls, and clays.
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LEG 158
DRILLING AN ACTIVE HYDROTHERMAL SYSTEM ON A

SLOW-SPREADING RIDGE: MAR 26°N (TAG)

Modified From Proposal 361-Rev 2
Susan Humphris: Co-Chief Peter Herzig: Co-Chief
Laura Stokking: Staff Scientist

ABSTRACT

The overall scientific objectives of Leg 158 are to investigate the fluid flow, geochemical fluxes
and associated alteration and mineralization, and the subsurface nature of an active hydrothermal
system on a slow-spreading ridge. The TAG active mound is a large, mature deposit of varying
mineralogy with emanating fluids displaying a wide range of temperatures and distinct chemistries.
The large size and age argue for a reasonably large and altered crustal root zone suitable for good
drill penetration and recovery with conventional drill bits. Studies of this feature will give insight
into fluid flow, structure, and "zone-refining" in active hydrothermal systems, and clarify how
large deposits, similar in size to those mined on land today, are formed on the modern seafloor.

A transect of three holes, one penetrating into the stockwork zone, is proposed to investigate the
nature of fluids, deposits, and altered crust in the near-surface part of the hydrothermal system and
in the stockwork and root zone underlying the surface deposit. Although it is anticipated that these
objectives can be achieved with the currently available technology in this hostile environment, the
nearby inactive MIR mound is proposed as a back-up drilling site. The size and primary sulfide
features of the MIR mound are similar to that of TAG, but the MIR mound has undergone
extensive recrystallization, being entirely indurated by late-stage fluids that have replaced anhydrite
and filled all voids with silica.

Drilling at TAG will directly address the processes occurring during hydrothermal circulation.

Understanding these processes, and the implications for energy transfer, geochemical fluxes, and
the formation of ore deposits is of fundamental importance to our knowledge of crustal accretion.
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INTRODUCTION

Ridge-crest hydrothermal systems play a fundamental role in transferring a large fraction of the
heat from the earth's interior to its surface. Through thermally-induced flow of seawater in
fractures and fissures in the permeable portion of the crust and upper mantle, much of the mantle-
derived thermal energy is dissipated into the lithosphere, hydrosphere, and biosphere along the
global mid-ocean ridges. This circulation gives rise to a complex series of physical, chemical, and
biological interactions that affect the composition of both seawater and the oceanic crust, and lead
to the creation of many types of seafloor ore deposits, and to the existence of unusual biological
communities.

Although a considerable amount of surficial sampling has been completed on a number of ridge
hydrothermal systems, only drilling an active system on a mid-ocean ridge can clarify 1) the
permeability, pressure, and temperature structure within the upflow zone beneath an active
hydrothermal system, 2) the nature of the chemical reactions between water and rock in both the
upflow zone and the underlying reaction zone, 3) the method of sulfide precipitation and
subsequent modification below the seafloor, 4) the structural control on the plumbing system
within both the upflow and reaction zones, and 5) the evolution of major black smoker systems.

To date, attempts to answer such questions have relied upon the chemistry of waters from natural
systems, samples collected from surface outcrops, experimental and theoretical analyses of
basalt/seawater systems, and observations of fossil systems in ophiolites. These sources of
evidence make assumptions about the conditions which are present in the sub-seafloor part of an
active system, sometimes about which rocks are in equilibrium with which fluids, and sometimes
about the nature of the physical structure of an active system. All of these arguments have been
carried to their highest level for sediment-free systems, which are predicted to be considerably
simpler than sedimented hydrothermal systems. Drilling of a major, sediment-free black smoker
system will provide the necessary evidence to discriminate between the many current models.

Hydrothermal systems on unsedimented ridge axes dominate global hydrothermal activity, and
hence are an important contributor to global mass and energy fluxes. All previous drilling has been
carried out in areas where large deposits have been, or are, developing, such as sedimented-ridge
hydrothermal systems. Drilling the interior of a mature, large volcanic-hosted deposit such as the
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TAG mound will clarify the processes of recrystallization and "zone-refining", the distribution of
minerals, the hydrothermal circulation and plumbing, the nature of the root zone, and the processes
occurring during ore formation and deposition.

The TAG area has many features that make it the prime target for drilling an active volcanic-hosted
hydrothermal deposit. Firstly, it is a located in a slow-spreading environment, a major
characteristic of the global rift system, and the hydrothermal field is situated in the central part of a
ridge segment bounded by small non-transform offsets or axial discontinuities, typical of many
such segments on slow-spreading ridges. The mound represents a good drill target as the
combination of size and maturity argues for a large surface areal target, with a well-developed root
zone. The presently active mound is approximately 200 m in diameter and 50 m in height. It is
composed of massive sulfides probably well in excess of 5 x 106 tons, being equivalent in size to
some of the deposits in the Cyprus, Oman, and other ophiolites. No basalt has been observed
outcropping either on the surface of the mound or on the 20-m high talus slopes that bound the
mound to the west, north, and east. Furthermore, the deposit is mature. Geochronological studies
indicate the mound to be of the order of 40-50,000 years old, and to have undergone intermittent
activity, possibly every 5-6,000 years over the last 20,000 years. Duration of an active cycle still
has to be resolved but the present day activity is of, at least, SO years duration based on radiometric
dating. The TAG mound exhibits a wide range of polymetallic sulfides with predominantly Fe-Cu-
Zn varieties. A recent series of Alvin dives indicates the active mound is zoned, both in terms of
type of activity and mineralogy, thereby providing the opportunity to study relationships of mineral
alteration. There is also evidence of supergene reactions resulting in enrichment in metals such as
gold. Exiting hydrothermal solutions range from high (363°C), through medium to low
temperatures at the boundaries of the active mound. These fluids are somewhat different from
EPR fluids and have been hypothesized as showing interaction with weathered crust (Campbell et
al., 1988). This may be a feature of slow-spreading ridges which can be tested by drilling.

The nearby MIR mound is proposed as a back-up drilling target. It is of similar size to the TAG
mound, although not active. Primary sulfide features are similar to TAG, but there has been
extensive recrystallization and the whole mound has been indurated by late-stage fluids that have
replaced anhydrite and filled all voids with silica. Such an indurated feature will also allow
conventional drilling.
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STUDY AREA
Regional Geologic and Tectonic Setting

The ridge segment along which the TAG hydrothermal field is located, is about 40 km long, trends
north-northeasterly, and is bounded by non-transform discontinuities to the south and north at
25°55'N and 26°17'N, respectively (Sempéré, Purdy, and Schouten, 1990; Purdy et al., 1990;
Smith and Cann, 1992). Seafloor spreading has been asymmetric over the last 10 m.y.; half
spreading rates are 13 mm/yr to the east and 11 mm/yr to the west (McGregor et al., 1977).

The seafloor morphology of the TAG ridge segment is well defined by SeaBeam bathymetric
surveys of the Mid-Atlantic Ridge (MAR) in this area (Rona et al., 1986a; Sempéré et al., 1990;
Purdy et al., 1990) The segment has a morphology typical of the 15-18 ridge segments lying
between the Kane and Atlantis Fracture Zones (Sempéré et al., 1990; Smith and Cann, 1992). In
plan view, the floor of the median valley has an hour-glass shape, narrowing and shallowing
towards the center of the segment at about 26°10'N. In cross section, the median valley has an
asymmetrical shape, the eastern wall being higher, steeper, and less rough than the western wall
(Karson and Rona, 1990; Zonenshain et al., 1989). Using SeaBeam and high-resolution deep-
towed side-scan sonar data, Smith and Cann (1990, 1992) and Smith et al. (1992) have
documented the style of crustal accretion from 24°-30°N. Along this section of the MAR, the floor
of the median valley is built of superposed, small-scale seamounts, with the axial volcanic ridges
being formed by overlapping individual volcanic edifices (Smith and Cann, 1990, 1992).
However, the data are insufficient to resolve the critical geological features needed to establish the
distribution of hydrothermal activity and hence its relation to volcanism and tectonism.

Additional data on the geological structure of this segment, primarily concentrated in the vicinity of
the hydrothermal field, has been collected from deep-towed camera profiles, piston-coring, water
temperature profiling, dredging, and submersible dives (Eberhart et al., 1988; Karson and Rona,
1990; Rona, 1980; Rona et al., 1984, 1986b; Thompson et al., 1988). The western wall of the
median valley consists of fault-controlled basaltic scarps and sediment-covered terraces (Eberhart
et al., 1988; Zonenshain et al., 1989). Much of the eastern wall is covered with debris-slide
deposits partly buried by calcareous ooze; fault scarps range in height from 10 to 20 m but are
locally up to 150 m (Karson and Rona, 1990). Outcrops of pillow lavas were also observed on
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the eastern wall (Zonenshain et al., 1989). Karson and Rona (1990) have suggested that an east-
west trending scarp on the eastern wall represents a structural accommodation zone resulting from
differential extension and rotation of crustal blocks to the north and south.

Important constraints on the along-axis changes in stress state and seismic velocity structure are
provided by a microearthquake survey and seismic refraction experiment carried out on this ridge
segment (Kong, 1990; Kong et al., 1992). These studies suggest that most of the micro-
earthquake activity occurs at the axial high at the center of the segment; earthquakes are also
distributed along-axis and in the eastern rift valley walls. No seismic events were detected in the
immediate vicinity of the TAG hydrothermal field. The maximum depth of seismicity shoals
toward the center of the segment, and a low velocity zone is observed there as well. The
distribution of seismicity, the low velocity zone, and the recent hydrothermal activity suggest
recent crustal injection near the axial high.

Magnetic field data from regional surface ship studies (Tivey et al., 1989) indicate that a broad
north-northeast-south-southwest-oriented, elongate magnetic low is associated with the TAG
hydrothermal field. A more detailed magnetic study of the mound has also been completed during
the Alvin diving program , and has defined the mound as a localized low.

Sea surface gravity data indicate that the TAG segment contains a "bull's eye" anomaly (Lin et al.,
1990), suggesting that either the crust is anomalously thick or that there is anomalously warm
mantle upwelling buoyantly beneath this ridge segment. There may be a relation between the
presence of the bull's eye and the presence of the TAG hydrothermal system on this segment.

Geologic and Tectonic Setting of the TAG Hydrothermal Field

Tectonic Setting

Hydrothermal activity in the TAG field is located on a 10-km-long segment of the eastern wall of
the MAR. At this location, the east wall forms a broad salient toward the spreading axis and rises

from the valley floor, near 4,000-m depth, to a height of 2,000 m through a series of steps formed
by fault blocks (Temple et al., 1979).
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The TAG hydrothermal field consists of presently active low and high temperature zones, as well
as a number of relict deposits. The zone of low temperature activity occurs between 2,400- and
3,100-m depth on the east wall (Rona et al., 1984). The metalliferous deposits of this low
temperature zone include widespread surficial metal-rich staining of carbonate ooze, as well as
discrete, massive layered deposits of manganese oxide (birnessite), iron oxide (amorphous), and
iron silicate (nontronite). The stratiform deposits range from less than 1 m across to about 15 x
20 m. They vary in composition from thick, laminated, crystalline birnessite precipitates, through
Fe-rich tubular vents, to deposits of loose, earthy, interlayered birnessite, nontronite, and
amorphous Fe-oxides (Thompson et al., 1985). Anomalous temperatures (Rona et al., 1984) and
excessive 3He (Jenkins et al., 1980) were recorded in near bottom waters above the low-
temperature field. Metal enrichments in the sediments have been recorded both at the surface and at
30-cm depth (Cu and Zn >1,000 ppm, Fe >8%); these enrichments were attributed to past and
recent episodes of high-temperature venting in the area (Shearme et al., 1983). The hydrothermal
deposits in this low-temperature field exhibit a linear distribution along fault zones, trending sub-
parallel to the valley floor, that are inferred to focus hydrothermal discharge (Scott et al., 1974;
Rona et al., 1984; Thompson et al., 1985).

The presently active black-smoker system occurs at the juncture between the rift-valley floor and
the east wall at a depth of 3,620-3,700 m and at approximately 26°08'N, 44°49'W. The low-
temperature field described above lies 3.7 km upslope to the east; the bathymetric axis of the rift
valley is 1.5 km to the west. The active high-temperature field lies on oceanic crust at least
100,000 years old, based on the present seafloor-spreading rate. Sediment thickness around the
active mound is variable depending on the local morphology. Alvin studies show that local basins
may have >1 m of ooze, steep slopes are bare, less steep areas have 30-60 cm of sediment.

It is clear that both volcanism and tectonism play an important role in the spatial and temporal
distribution of hydrothermal activity in this area, and three hypotheses have been presented
addressing their interactions. Based primarily on observations in the low temperature field, Scott
et al. (1974), Temple et al. (1979), and Thompson et al. (1985) hypothesized that hydrothermal
activity was associated with ridge axis-parallel faults. They suggested these listric faults were the
pathways for fluids and that the heat source was probably at the zero-age neovolcanic axis . More
recently, based on observations of east-west faults high on the eastern wall in the vicinity of the
low temperature field, Karson and Rona (1990) suggested that these transfer faults may intersect
the ridge-parallel faults, concentrating hydrothermal activity at the intersections. However, due to
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lack of data, no direct evidence exists for, or against, the extension of east-west faults in the low-
temperature field to the presently active TAG mound.

SeaBeam bathymetry suggests that the active TAG mound is located on the edge of a dome-shaped
high. The domes are suggested to be discrete volcanic centers that may act as heat sources for
localized hydrothermal activity. Support for this hypothesis comes from a number of
observations. Zonenshain et al. (1989) noted very recent volcanics, as well as older basalt
outcrops, located on the volcanic dome to the southeast of the presently active hydrothermal
mound, suggesting intermittent volcanic activity with a very recent eruption. Rocks have been
observed and collected from at least two older eruptions at this site, although not of the very recent
age observed by the Russians. Some of the other volcanic domes are also known to have relict
sulfide mounds associated with them, e.g. the MIR mound, and the Alvin mound; others have
relict sulfides photographed on their edges. Samples recovered from the Alvin hydrothermal
mound have been dated at 10,000, 50,000, and 100,000 years, suggesting a long and complex
history similar to the presently active mound. The MIR mound, discovered in July 1991, is a large
(200 x 50 m) mound with chimney structures >5 m tall that has been described by Rona et al.
(1992). It probably only recently became inactive because the mound appears bare even though
carbonate deposition is of the order of 1.8 cm/103 yrs.

Geologic Setting

The black smokers are located on top of an elliptical-shaped, compound mound consisting of
concentric inner and outer portions (Rona et al., 1986b, Figure 2). The outer low-lying mound is
composed of carbonate ooze, metalliferous sediment, sulfide blocks, and basalt talus and is about
500 m in diameter. The inner mound is about 200 m in diameter and rises 50 m above the outer
mound between depths of 3,640 and 3,690 m. It is composed of massive sulfides, with distinct
sample types being distributed from the interior to exterior of the mound. A cluster of chalcopyrite-
anhydrite-rich black smoker chimneys emitting fluids up to 363°C caps the mound at about 3640-m
depth. This chimney cluster sits on the top of a 10-20- m-high, 40-50-m-diameter cone, the
surface of which is covered by a 3-6-cm-thick plate-like layer of massive pyrite and chalcopyrite,
with interspersed blocks of corroded massive anhydrite and pyrite. The remainder of the top of the
inner mound (at a depth of 3660-3665 m) is composed of both fragile Fe-oxide crusts and blocky
to bulbous mixed Zn, Fe, and Cu-Fe sulfides with amorphous silica filling cavities.
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A complex of white smokers venting fluids up to 300°C is located in the southeast quadrant of the
mound; these "Kremlin"-like spires are composed dominantly of low-Fe sphalerite with minor
amounts of chalcopyrite, pyrite, and amorphous silica. Fluids from the white smokers have a very
low pH, contain no magnesium, and lesser amounts of iron than the black smoker fluids. They are
thought to be derived from the black smoker fluids by conductive cooling and precipitation of
sulfides within the mound.

Mass-wasting of the edges of the inner mound results in steep outer slopes to the west, north, and
east. Two sample types are exposed: pyrite-rich blocks with trace amounts of late-stage
amorphous silica, quartz, and goethite and with outer oxidized layers that include atacamite, and
deep-red to orange-brown blocks of amorphous Fe-oxide, goethite, hematite, and silica (as both
amorphous silica and quartz). Analogues for these sample types are not found in other known
seafloor vent sites, but are present in massive sulfide deposits of Cyprus (Tivey et al., 1992).

The distribution of sample types, their mineralogy, and the distinct compositions exhibited at the
black smoker and Kremlin locations, suggest a flow pattern within the mound similar to that
shown in Figure 2. Fluid exiting the black smoker complex is extremely focused. Fluid
emanating from the Kremlin area has undergone conductive cooling as evidenced both by the
presence of amorphous silica and the chemistry of the fluids (Edmond et al., 1990). As the fluid
cools and circulates within the mound, pyrite is precipitated. Blocks of this material are exposed
during mass-wasting.

Preliminary geochronological studies suggest that the mound is on the order of 40-50,000 years
old, and that activity has been intermittent over the past 20,000 years, with a periodicity of 5,000-
6,000 years (Lalou et al., 1990). The presence of late-stage quartz in pyritic and iron oxide blocks
exposed on the steep slopes of the inner mound are consistent with such episodicity. Present
activity commenced about 50 years ago after a hiatus of about 5,000 years (Lalou et al., 1992).

Previous studies of ongoing hydrothermal activity documented by water column studies of Mn
and/or particulate anomalies suggest that there are other presently active sites in the TAG area

(H. Elderfield and T. Nelsen, pers. comm.). The location of these sites will be addressed in the
site survey cruise. Limited photographic coverage (lacking good navigation or correlation with a
structural framework) has shown the presence of relict sulfides in other areas of the TAG field, and
recent submersible dives by Alvin and the Russian MIR vessels discovered two other relict sulfide
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mounds (Eberhart et al., 1988; Rona et al., 1990; Rona et al., 1992). The site survey will collect
the data that is needed to place the proposed drilling in the context of the regional time distribution
and spatial geometry of hydrothermal activity in the entire field.

Previous magnetic studies (Rona, 1980) and the more recent magnetic data from the 1988
MARNOK cruise (Tivey et al., 1989) reveal that the TAG area is the site of a distinctive anomaly
in sea-surface magnetics data. This anomaly indicates an unusually pronounced, point-style
magnetization low located in the general vicinity of the TAG mound. Four different hypotheses
have been proposed for the cause of the sea-surface magnetic low measured at TAG . Three of
these hypotheses propose hydrothermal or thermal demagnetization as the cause, while the fourth
proposes structural thinning of the source layer by local normal faulting. A 1990 Alvin survey
over the TAG mound showed a magnetization low located directly beneath the mound with a
possible dip to the south, which has been interpreted as the upflow zone beneath the mound (Tivey
et al., 1991; Tivey et al., 1992). The survey also showed that the magnetic low beneath the TAG
mound cannot itself produce the observed sea-surface anomaly low. Either there are many more
magnetic low source regions caused by hydrothermal demagnetization, as suggested by the
presence of relict mounds, or a more regional magnetic low is present due to some thermal effect,
as suggested by the recent volcanics and the seismic data. Near-bottom magnetic surveys, to be
conducted during the site survey, offer the chance to discriminate between these hypotheses and
possibly help in determining the occurrence and distribution of active and relict hydrothermal vent
systems in the TAG region as a whole.

Only a few heat flow measurements near the active mound and on the relict mounds have been
made (Rona, in prep.). Thermal output from the active mound has been estimated to be about 120
x 106 W using a transistor array and a grid survey at a height of 20 m above the mound (Rona et
al., 1991). Measurements at conductive heat stations on the mound ranged between 1.6 and 4.3
W/mz2.

SCIENTIFIC OBJECTIVES AND METHODOLOGY
The overall scientific objectives of drilling at TAG are to investigate fluid flow, geochemical fluxes

and associated alteration and mineralization, and the subsurface nature of an active hydrothermal
system on a slow-spreading mid-ocean ridge. Understanding the processes operating within a
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hydrothermal system, and their interrelations, requires answering a number of questions that can
be addressed only by drilling. Although studies of fossil hydrothermal deposits preserved in
ophiolites have provided valuable insights into their subsurface geometry and composition, the
hypothesis that these systems provide a useful analogue for mid-ocean ridge hydrothermal
processes still needs to be tested. In addition, a number of critical parameters cannot be determined
from extinct systems; for example, variations in permeability and porosity of the host rocks, the
composition of the circulating fluid, and the dynamics of the water-rock interface.

Within the near-surface part of the hydrothermal system, Leg 158 will investigate:

1) the temporal and spatial variation in the mineralogy, chemistry, and physical properties of the
hydrothermal precipitates;

2) the spatial and temporal variation in the composition of the circulating fluids and the effects of
conductive cooling on the composition of these fluids and their relationships to mineralogical

variations within the deposits;

3) the method of fluid circulation within the deposit and the spatial characteristics (focused or
diffuse) of the flow;

4) the effects of fluid circulation within the mound, e.g. are metals remobilized and concentrated in
distinct horizons?; and

5) the physical and chemical effects of epigene and supergene alteration reactions on the deposits,
and on the fluxes of elements between the deposits and seawater.

In the stockwork and root zone below the surface deposits, studies aim to clarify:
1) the variation in mineralogical and chemical composition of deposits in this zone;

2) the degree to which fluids have reacted with the adjacent host rocks, the nature of the rock-
seawater interactions, and subsequent affects upon the magnetics;

3) the physical and hydrogeological properties of the upper crust in this zone;
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4) the chemical composition of the hydrothermal fluid in this zone;
5) the mechanism focusing the fluid flow within this part of the hydrothermal cell; and

6) the amount of heat exchanged in the system and the associated energy fluxes.

DRILLING PLAN/STRATEGY

Complete characterization of the subsurface nature of an active hydrothermal system requires a
drilling program of more than one leg, since determining the location and nature of the reaction
zone would require drilling a deep hole to the base of the sheeted dikes (i.e. to a depth of about
1.5-2 km). However, this one-leg program will demonstrate that it is possible to successfully drill
and attain the scientific objectives in this type of environment.

The size and maturity of the deposit, and its compositional variability in terms of both the
mineralogy of the deposits and the circulating fluid makes TAG the only currently known site
where questions concerning the near-surface part and stockwork and root zones of the
hydrothermal system can be addressed. In addition, capping of one (or more) of the holes will
allow their future use for time-series measurements and monitoring fluid composition variability.
As future technology develops, particularly the capability to sample high-temperature fluids
downbhole, these holes could be used for a number of different measurements that will help to
clarify temporal variability of hydrothermal systems.

From previous drilling experience, there are a number of arguments which suggest that
conventional drilling can accomplish the scientific objectives at TAG. TAG may be situated on
crust possibly as old as 100,000 years (calculated from spreading rates) If that is the case, the crust
(whether altered through hydrothermal circulation or not) is likely to be weathered, with some of
the fractures infilled with minerals of various kinds. Previous experience with drilling weathered
and hydrothermally-altered crust (for example, at Hole 504B) has demonstrated that conventional
drilling is feasible. Although not as young as TAG, weathering and alteration processes clearly
played an important role in achieving penetration through the upper pillow lavas at this site.
However, if the TAG hydrothermal mound is associated with a younger volcanic dome, there is a
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possibility of encountering basalts of a younger age. It is proposed to drill through the basalt
directly beneath the TAG hydrothermal mound, a major feature that has been active over at least the
last 40-50,000 years. The size of the mound and duration of the activity argue strongly for a
highly altered crust, with all veins and fissures completely infilled with secondary minerals. This
is also consistent with the magnetic low zone directly beneath the mound. Such altered crust has
been successfully drilled at Holes 417A and 418A in the North Atlantic, and at Hole 504B in the
Pacific.

The likely thickness of the hydrothermal precipitates at TAG is 50-70 m given the analogous shape
and size of the deposits of the Troodos ophiolite. Recent drilling during Leg 139 has provided
some evidence that conventional drilling technology can drill through short sections of sulfide
deposits, although difficulties are encountered with clearing cuttings for long sections. This
suggests that the TAG sulfide deposits should not present a problem in terms of penetration and, if
a comprehensive logging program is carried out, the recovery will be sufficient to address the
objectives.

Problems were encountered on Leg 106 during attempts to drill into the active sulfide mound in the
Snakepit hydrothermal field. The problems consisted of both difficult drilling conditions and
extremely poor recovery, and were caused by alternating hard and soft, unconsolidated layers of
sulfides. Comparison of these two fields from direct Alvin observations and inspection of samples
from the two areas indicates distinct differences in their structure. The TAG mound is composed
of more massive blocks of sulfide that appear to be more homogeneous in nature. Some of the
blocks exposed on the steep talus slopes, which offer a window into the interior of the mound,
contain late-stage amorphous silica and quartz. Given the age of the TAG mound (Snakepit is
considerably younger), and the evidence for circulating fluids and conductive cooling with
precipitation within the mound, the interior of TAG is most likely indurated and recrystallized from
its long and complex evolution and will consequently provide a hard and massive target for
drilling.

Drilling in stockwork zones has been demonstrated to be possible with the available technology.
In Hole 504B, the top of a stockwork zone was encountered in 5.9-Ma basalts at a depth of 910 m
below the sea floor. Coring in this interval was very successful, with recoveries up to 42%.
Good recovery is particularly critical in the stockwork zone if the chemical reactions and their
spatial and temporal relationships are to be understood and unravelled.
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To meet the objectives of drilling in an active hydrothermal area, a variety of downhole
measurements are critical at each site, especially as the recovery might not be high. Important
measurements include subbottom formation temperatures, pore pressures and fluid fluxes,
formation chemistry, sonic velocity porosity, resistivity, permeability, and stress. A full logging
program that will include the standard logs and specialty tools will be run at each site, and will be
important to the fluid chemistry and flow objectives of the program.

In addition, these drillholes will provide opportunities for time-series experiments at a
hydrothermal system. The instrumentation of these holes for temperature measurements and fluid
sampling, such as the CORK system, is encouraged to continue after the drilling is completed. As
additional technologies become available, other measurements and experiments can be done at this
site. The European community is interested in deploying an instrumented station at a hydrothermal
site in the Atlantic, so this may prove to be an advantageous site for continued long-term

observations and measurements.
PROPOSED DRILL SITES
Leg 158 will complete a transect of three sites across the TAG mound (Figure 1, Table 1).

Proposed site TAG-1 is located near the center of the mound on the shoulder of the central cone in
an area that has a slope of less than 10° and is roughly 20-30 m wide. This is the area closest to
the black smokers that, from submersible observations, is the most suitable for drilling near the
region of high temperature activity. It is designed to penetrate through the entire section of
hydrothermal deposits and into the uppermost portion of the highly altered crust. In this region,
large black smoker chimneys occur, from which hot (363°C) fluids are emanating. The chemistry
of the fluids suggests that they have not mixed with seawater in the subsurface region of the
mound, and it is likely that the ascending flow is well-focused beneath the chimneys (Figure 1).
This site provides the best opportunity to recover a stratigraphic section of the hydrothermal
mound, and to determine the nature of the fluid flow beneath the most active part of the mound.

Proposed site TAG-2 is located off-center to the southeast of TAG-1 in the "Kremlin" area, where
warm (250°C) waters are discharging from small (1-2 m) high chimneys composed dominantly of
Zn-Fe sulfides. The surface of the mound at this location is relatively flat, less than 5 m of relief
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over an area of roughly 80 x 80 m, and is suitable for setting a guidebase. Fluids emanating from
this region have undergone conductive cooling within the mound (Figure 1); consequently, this site
will provide information on the mineralogical and chemical variability within the mound related to
these different fluids and physical controls. In addition, any differences in the alteration of the
upper crust and the minerals precipitated within veins and fractures within it, will be determined.

Proposed site TAG-3 is located at the edge of the mound, where cool (<100°C) waters are
diffusing out of the deposits and older, weathered sulfides are observed on the surface. It is also
located over the magnetic low, and thus has a high probability of intersecting the stockwork.
Drilling at this site will allow differences in the plumbing system within the mound related to
diffuse, rather than focused, flow to be determined. In addition, the extent of the oxidation of the
deposits, which is seen on the exposed surfaces of the mound, will be investigated, as well as the
composition of the fluids present in this region.

Two of these proposed sites will be shallow (200 m), non-reentry holes and will be designed to
penetrate through the hydrothermal deposits and into the top of the altered basaltic crust. The third
proposed site (most likely TAG-2) will be a reentry hole that will penetrate into the stockwork zone
and will be drilled to at least 500 m on this leg, with the possibility of being deepened further to the
reaction zone at a later date. Determination of the exact locations of these sites, and confirmation of
which will be the reentry site, will be made from the pending site survey cruises, which include
bathymetry, deep-tow magnetics, geothermal and geoelectrical data.

There is the possibility that drilling into this active system may prove difficult, e.g. it may not be
well-consolidated, and/or the high temperatures may cause problems (although similar high
temperature fluids posed no problems on Leg 139). Consequently, a back-up site should be
considered that will allow most of the objectives to be accomplished, except for those addressing
fluid composition and flow. The MIR mound is proposed as the back-up site should drilling at
TAG prove not to be feasible. Observations from the MIR submersibles in 1991 located the MIR
mound on the lower part of the east wall of the rift valley about 2 km northeast of the TAG mound.
Rona et al. (1992) have described the mound as consisting of two concentric zones: an inner zone,
about 400 m in diameter, consisting of discontinuous sulfide outcrops with groups of inactive
chimneys with intervening metalliferous sediment; and an outer zone of low temperature Fe and
Mn oxide deposits 150-200 m wide. It appears to be associated with a volcanic dome and is
consequently in a similar tectonic setting to TAG. It is also about the same size as TAG and has

76



...Leg 158 - TAG Hydrothermal Mound...

similar primary sulfide features. However, unlike TAG, it is inactive, and the whole mound has
been extensively recrystallized (Rona et al., 1992), and has been indurated by late-stage fluids that
have replaced anhydrite and filled all voids with silica. Such an indurated feature will be
considerably easier to drill.

ADDITIONAL CONSIDERATIONS
Safety

The sulfide deposit is volcanogenic-hosted, so hydrocarbons are not expected to pose a problem.
The hot circulating solutions and their hydrogen sulfide concentrations have already been
demonstrated not to pose a problem with drilling in these system. TAG is significantly deeper than
the drilling at Middle Valley on Leg 139, when no problems were encountered. However,
precautions for early detection of high levels of hydrogen sulfide will be necessary.
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Figure 1. Location of the ONR Atlantic Natural Laboratory on the Mid-Atlantic Ridge (modified from Tucholke et
al., 1991) and plan view of the active TAG mound showing the principal boundaries and tectonic features as derived

from submersible observations and photography. The locations of the three proposed drill sites are shown.
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Figure 2. Cross section gf lthe active TAG mound with observations derived from submersible observations. The
suggested flow pattern within the mound is derived from the mineralogy of the deposits and the fluid chemistry.
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TABLE 1
PROPOSED SITE INFORMATION

and
DRILLING STRATEGY

SITE: TAG-1 POSITION: 26°08'N, 44° 49'W
WATER DEPTH: 3660 m SEDIMENT THICKNESS: 50-70 m BASEMENT PENETRATION: 140 m

Objectives: Sample the entire section of the TAG hydrothermal mound near the black smokers where fluid flow is
focused, and into the upper part of the highly altered crust.

Drilling Program: RCB coring.
Logging and Downhole Operations: Standard logs and specialty tools to measure sub-bottom formation
temperatures, pore pressures and fluid fluxes, formation chemistry, sonic velocity porosity, resistivity, permeability,

and stress.

Nature of Rock Anticipated: Massive sulfide deposits and hydrothermally altered and veined basalts.

SITE: TAG-2 POSITION: 26°08'N, 44° 49'W
WATER DEPTH: 3660 m SEDIMENT THICKNESS: 50-70 m BASEMENT PENETRATION: 450 m

Objectives: Sample the section of the TAG hydrothermal mound in an area where fluids have undergone
conductive cooling within the mound, and extend penetration into the underlying stockwork zone.

Drilling Program: RCB coring and reentry.
Logging and Downhole Operations: Standard logs and specialty tools to measure sub-bottom formation
temperatures, pore pressures and fluid fluxes, formation chemistry, sonic velocity porosity, resistivity, permeability,

and stress.

Nature of Rock Anticipated: Massive sulfide deposits, stockwork zone and hydrothermally altered basalts.

SITE: TAG-3 POSITION: 26°08'N, 44° 49'W
WATER DEPTH: 3680 m SEDIMENT THICKNESS: 20 m BASEMENT PENETRATION: 180 m

Objectives: Drill through the older, weathered sulfides where there is diffuse flow and into the stockwork, the
existence of which is suggested by the magnetization low.

Drilling Program: RCB coring.
Logging and Downhole Operations: Standard logs and specialty tools to measure sub-bottom formation
temperatures, pore pressures and fluid fluxes, formation chemistry, sonic velocity porosity, resistivity, permeability,

and stress.

Nature of Rock Anticipated: Massive sulfide deposits, stockwork zone and hydrothermally altered basalts.
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ABSTRACT

Hole 735B was previously drilled during ODP Leg 118 on the Southwest Indian Ridge and Leg
159 represents the first leg in a proposed multi-leg program to deepen Hole 735B to a nominal
depth of 2 km sub-basement, drill a suite of complementary shorter 500 m holes along a
lithospheric flow line at 800 m intervals, and conduct downhole and logging experiments. This
program takes advantage of the unique outcrop of the lower crust exposed along a 15-km-long
wave-cut terrace 18 km east of the Atlantis IT Transform Fault to drill the first systematic transect of
the lower ocean crust to directly test the widely hypothesized episodic and discontinuous nature of
magmatic, hydrothermal, and tectonic processes in the lower ocean crust at a slow-spreading ocean
ridge. A spacing of 800 m along the flow line corresponds to 100,000-year increments and each
penetration would overlap the paleo-horizontal with several other holes. The proposed suite of
holes thus spans a 400,000-year interval of crustal generation at varying depths, which should
reflect many magmatic and amagmatic cycles if current models are correct.

The principle objective of Leg 159 is to explore the lateral and temporal variability of lower crust
generated at a slow-spreading ocean ridge. The proposed drilling may reach the petrologic Moho,
the boundary between rocks which are the residues of the processes by which magmas form and
migrate to the crust and rocks produced by the crystallization of those magmas as they rise out and
pool above the upwelling mantle peridotite; however, reaching the petrologic Moho is not a
requirement to achieve our objectives as the recovery of a truly representative section of plutonic
crust would, by itself, be a major breakthrough in understanding the geologic processes occurring
beneath ocean ridges. By deepening Hole 735B and drilling an offset section of holes along a
lithospheric flow we will obtain a representative section of the lower ocean crust at one of the two
critical ends of the spreading spectrum which, together with seafloor mapping, will permit a true
three-dimensional view of the ocean crust and provide a natural laboratory where hole to hole
magnetotelluric and permeability experiments can be conducted and the nature of layer 3 may be
directly tested.
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INTRODUCTION

The composition, internal stratigraphy, and petrogenesis of the largest and deepest seismic layer of
the ocean crust is one of the fundamental questions of earth science. After an initial debate in the late
1950's and early 1960's a consensus was achieved for a fairly straightforward layer cake geologic
model. This model was based on the match of density and P and S wave velocities of gabbros,
diabase, and tholeiitic basalt dredged from the seafloor and found in ophiolite complexes (fossil
sections of ocean crust tectonically emplaced in island arcs and continental margins) to the seismic
character of the ocean crust (e.g., Christensen, 1972). An overall stratigraphy was then compiled
extrapolating the simple observed layered seismic structure to the vertical lithologic stratigraphy
seen in tectonically-disrupted ophiolites.

Based on this layer 3 was expected to consist of a uniform layer of magmatic cumulates deposited
on the floor and walls of a large continuous magma chamber, overlain by evolved ferrogabbros
along its roof. This internal stratigraphy was in reality more dependent on the documented
stratigraphy of the large layered intrusions found on the continents, than it was on the internal
stratigraphy of gabbros in ophiolites. These large layered intrusions have dominated the thinking of
the petrologic community, with their systematic progression in chemistry from top to bottom, and
their historic role in establishing the key role of fractional crystallization in the evolution of
magmas. It has been a natural impulse to impose their stratigraphy on that of lower crust in both
ophiolites and the present-day ocean basins. Thus, evolved the extremely attractive paradigm of the
"infinite onion”, a large continuous magma chamber underlying the global ocean ridge system,
disrupted only by the largest of ocean fracture zones, from which layers of ocean crust
continuously grew at top, sides, and bottom to form a uniform coarse gabbroic layer comprising
two thirds of the ocean crust (Cann, 1970).

Two decades of geophysical testing of this model, and study of the stratigraphic structure and
chemistry of ophiolites has thrown this simple paradigm into question. The seismic structure has
become increasingly complex along the ridges, while the provenance of ophiolites has become
increasingly ambiguous, and generally believed to be atypical of ocean crust. Recent work has, in
fact, suggested that the ocean crust has a complex, three dimensional structure (e.g., Whitehead et
al., 1984) highly dependent on magma supply and spreading rates, and without large steady-state
magma chambers (e.g., Sinton and Detrick, 1992). Compilations of dredge results and seismic data
have suggested that a continuous gabbroic layer does not exist at slow-spreading ridges (Mutter et
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al., 1985; NAT Study Group, 1985; McCarthy et al., 1988; Dick, 1989; Cannat et al., 1992;
Tucholke et al., in prep.), and that its internal stratigraphy is governed by dynamic processes of
alteration and tectonism as much as by igneous processes. The exceptional abundance of
serpentinized peridotite in dredge hauls both from fracture zones and from the walls of rift valleys
and in the rift mountains away from fracture zones (Aumento et al., 1971; Rona et al., 1987; Dick,
1989; Cannat et al., 1992; Tucholke, in prep.) is also raising the serious possibility that serpentinite
is a major component of layer 3 as originally suggested by Hess (1962). Thus, at this point in time,
we have little ground truth as to the internal structure and composition of layer 3 beyond educated
supposition.

STUDY AREA
Previous Investigations at Site 735

During Leg 118, a large intact 500-m section of gabbros was recovered from Site 735. These
gabbros were unroofed and uplifted on the transverse ridge flanking the Atlantis IT Fracture Zone.
The complex internal structure and stratigraphy of the recovered section provides a first look at the
processes of crustal accretion and on-going tectonism, alteration, and ephemeral magmatism at a
slow-spreading ocean ridge. The section was not formed in a large steady-state magma chamber,
but by continuous intrusion and reintrusion of numerous small, rapidly crystallized bodies of
magma. There is little evidence of the process of magmatic sedimentation, so important in layered
intrusions. Instead, new batches of magma are intruded into and initially supercooled by a lower
ocean crust which consists of wholly crystalline rock and semi-solidified crystal mush. This leads
to undercooling and rapid initial crystallization of new magmas to form a highly viscous or rigid
crystal mush preventing the formation of magmatic sediments, followed by a longer, and
petrologically more important, period of intercumulus melt evolution in a highly viscous crystal
mush or rigid melt crystal aggregate.

As a consequence long-lived magma chambers or melt lenses were virtually absent throughout most
of crustal formation beneath the Southwest Indian Ridge. Thus, melts in the highly viscous or rigid
intrusions were largely uneruptable throughout most of their crystallization. This explains the near
absence of highly evolved magmas such as ferrobasalts along the Southwest Indian Ridge (Dick,
1989), as opposed to fast-spreading ridges where they are common and a long-lived melt lens is
believed to underlie the ridge axis (e.g., Sinton and Detrick, 1992)
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Wall rock assimilation while small batches of melt worked their way up through the partially
solidified lower crust appear to have played a major role in the chemical evolution of the section and
therefore in the chemistry of the erupted basalt. This process has been largely unevaluated for basalt
petrogenesis to date, and throws into questions simple models for the formation of MORB drawn
from experimental studies which assume equilibrium crystallization and melting processes
throughout magma genesis.

An unanticipated major feature of the drilled section is the evidence for deformation and ductile
faulting of the still partially molten gabbros. This deformation apparently occurred over a narrow
window, late in the cooling history of the gabbros (probably at 70-90% crystallization) when they
became sufficiently rigid to support a shear stress. This produced numerous small and large shear
zones, creating zones of enhanced permeability into which the late intercumulus melt moved. This
synkinematic igneous differentiation of intercumulus melts into the shear zones transformed the
gabbro there into oxide-rich ferrogabbros. The net effect of these magmatic and tectonic processes
was to produce a complex igneous stratigraphy with undeformed oxide-free olivine gabbros and
microgabbros criss-crossed by bands of sheared ferrogabbro. Synkinematic differentiation is
probably ubiquitous in lower ocean crust formed at slow-spreading ocean ridges, and should be
recorded in ophiolite suites formed in similar tectonic regimes.

At Site 735, ductile deformation and shearing continued into the sub-solidus regime, causing
recrystallization of the primary igneous assemblage under granulite facies conditions, and the
formation of amphibole-rich shear zones (Stakes et al., 1991, Dick et al., 1991a, Cannat et al.,
1991). Here again, formation of ductile shear zones localized late fluid flow, with the most intense
alteration occurring in the ductile faults (Dick et al., 1991a). Undeformed sections of gabbro also
underwent enhanced alteration at this time principally by replacement of pyroxene and olivine by
amphibole.

A consequence of simultaneous extension and alteration, has been far more extensive alteration at
high temperatures than found in layered intrusions which were intruded and cooled in a static
environment. An abrupt change in alteration conditions of the Hole 735B gabbros, however,
occurred in the middle amphibolite facies with the cessation of shearing and ductile deformation.
Mineral vein assemblages changed from amphibole-rich to diopside-rich, reflecting different fluid
chemistry. Continued alteration and cooling to low temperature occurred under static conditions
similar to those found for large layered intrusions. These changes likely occurred due to an inward
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jump of the master faults defining the rift valley walls, thus transferring the section out of the zone

of extension and lithospheric necking beneath the rift valley into a zone of simple block uplift in the
adjoining rift mountains. Ongoing hydrothermal circulation, no longer enhanced by stresses related
to extension, was greatly reduced, driven only by thermal dilation cracking as the section cooled to
ambient temperature.

The complex section of rock drilled at Site 735 formed beneath the very slow-spreading Southwest
Indian Ridge (0.8 cm/yr half rate) and represents the slow end of the spectrum for crust formation
at major ocean ridges far from hot spots. Such ridges have the lowest rates of ocean ridge magma
supply, and crustal accretion is most heavily influenced by deformation and alteration. At the
opposite end of the spreading rate spectrum (7-9 cm/yr), where the majority of the sea floor has
formed, the crustal stratigraphy is likely different. Judging from the results of Hole 735B, the
critical brittle-ductile transition has migrated up and down through the lower crust due to the waxing
and waning of magmatism beneath the Southwest Indian Ridge. In contrast, this transition may be
more stable near the sheeted dike gabbro transition at faster spreading ridges such as the East
Pacific Rise, reflecting a near steady-state magma chamber or crystal mush zone. This should
produce an internal stratigraphy for the lower crust quite different than that described here.

The rather general conclusions drawn to date from Hole 735B, so different from what was
anticipated, are based on study of only a small part of what is likely to be a 2- to 4-km-thick
section, and thus may represent only part of a more complex overall stratigraphy. By deepening
Hole 735B to greater depth and drilling an offset section of holes along a lithospheric flow we will
obtain a representative section of the lower ocean crust at one of the two critical ends of the
spreading spectrum which, together with seafloor mapping, will permit a true three-dimensional
view of the ocean crust. The suite of holes will also provide a true natural laboratory for downhole
geophysical experiments, where hole to hole magnetotelluric and permeability experiments can be
conducted, and which will provide a downhole seismic laboratory from which the nature of layer 3
may well be directly tested.

Tectonic Setting

Site 735 is located in the rift mountains of the Southwest Indian Ridge, 18 km east of the present-
day axis of the Atlantis II Transform Fault (Fig. 1). The Southwest Indian Ridge has existed since
the initial breakup of Gondwanaland in the Mesozoic (e.g., Norton and Sclater, 1979). Shortly
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before 80 Ma, plate readjustment in the Indian Ocean connected the newly formed Central Indian
Ridge to the Southwest Indian Ridge and the Southeast Indian Ridge to form the Indian Ocean
Triple Junction (Fisher and Sclater, 1983). Steady migration of the triple junction to the northeast
has created a succession of new ridge segments and fracture zones including the Atlantis II. Thus,
the Atlantis II Fracture Zone and the adjacent ocean crust is entirely oceanic in origin, free from
complications due to continental breakup as postulated for some equatorial fracture zones along the
Mid-Atlantic Ridge (e.g., Bonatti and Honnorez, 1976).

Over the last 34 m.y., the spreading rate along the Southwest Indian Ridge has been relatively
constant, near 0.8 cm/yr, at the very slow end of the spreading-rate spectrum (Fisher and Sclater,
1983). All the characteristic features of slow-spreading ridges, including rough topography, deep
rift valleys, and abundant exposures of plutonic and mantle rocks, are present on the Southwest
Indian Ridge (Dick, 1989). Significantly, two thirds of the rocks dredged from the walls of the
active transform valleys are altered mantle peridotites, whereas most of the remainder are weathered
pillow basalts. This exceptional abundance of peridotite, compared to dredge collections of similar
size from the North Atlantic suggests an unusually thin crustal section in the vicinity of Southwest
Indian Ridge transforms. Moreover, the paucity of dredged gabbro along the Southwest Indian
Ridge suggests that magma chambers were small or absent near fracture zones.

The thin crust adjacent to fracture zones is thought to reflect segmented magmatism along the
Southwest Indian Ridge producing rapid along-strike changes in the structure and stratigraphy of
the lower ocean crust (e.g., Whitehead et al., 1984; Francheteau and Ballard, 1983; Crane, 1985;
Schouten et al., 1985; MacDonald, 1986). Such a model views the Southwest Indian Ridge as
comprised of a series of regularly spaced, long-lived shield volcanoes and underlying magmatic
centers, which undergo continuous extension to form the ocean crust (Dick, 1989). Site 735 is
situated some 18 km from the Atlantis IT Transform Fault, and was accordingly situated near the
mid-point of a hypothetical magmatic center beneath the Southwest Indian Ridge at 11.5 Ma (Dick
et al., 1991b).

Geology of the Atlantis II Fracture Zone

Hole 735B is located on a shallow bank, informally named Atlantis Bank, on the crest of a 5-km-
high mountain range constituting the eastern wall of the Atlantis II Transform valley. This
transverse ridge is similar to many other flanking fracture zones on the Southwest Indian Ridge
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(e.g., Engel and Fisher, 1975; Sclater et al., 1978, Fisher et al., 1986; Dick, 1989) where abundant
plutonic rocks, particularly peridotite, are uplifted to a shallow level and exposed. The bank
consists of a platform, roughly 9 km long in a north-south direction and 4 km wide, which is the
shallowest of a series of uplifted blocks and connecting saddles that form a long, linear ridge
parallel to the transform. The top of the platform is flat, with only about 100 m relief over 20 km?2,
A 200 x 200 m box video survey in the vicinity of the hole showed a smooth flat wave-cut platform
exposing foliated and massive jointed gabbro locally covered by sediment drift. The platform
probably formed by erosion of an island similar to St. Paul's Rocks in the central Atlantic, and then
subsided to its present depth from normal lithospheric cooling (Dick et al., 1991b). A similar wave-
cut platform occurs on the ridge flanking the DuToit Fracture Zone (Fisher et al., 1986).

The foliation seen in the video survey and at the top of the drill core appears to strike east-west,
parallel to the ridge axis and orthogonal to the fracture zone. The orientation of similarly foliated
peridotites exposed on St. Paul's Rocks has been measured and is also parallel to the Mid-Atlantic
Ridge and orthogonal to St. Paul's Fracture Zone (Melson and Thompson, 1971). This foliation,
projected along strike across the platform, intersects a long ridge coming up the wall of the fracture
zone, which is oriented obliquely west-northwest to the transform. Ridges produced by land-slips
and debris flows normally are oriented orthogonal to the fracture zone. The suspicion is then, that
this oblique ridge, and a similar one 2 km to the north represent the trace of the thick zone of
foliated gabbros down the wall of the transform. Given the once shallow water depth, the canyon
between the two ridges may be erosional,and the foliated gneissic amphibolites resistant remnants.
A three point solution for the dip of the shear zone, based on the trend of this ridge, and an east-
west strike gives a dip of approximately 40°, close to that observed in the drilled amphibolites.

This shear zone represents a ductile-fault, and thus does not represent a simple stratigraphic
discontinuity. The rocks at the top of the shear zone are gabbronorites which pass gradually into a
zone of olivine gabbro toward its base. The shear sense determined from drill cores is normal.
Thus, it would appear that the rocks to the north of the drill site are down-thrown an unspecified
amount. Any offset drill sites to the north then would start higher in the stratigraphic section

The site is located between magnetic anomalies 5 and 5a, approximately 93 km south of the present-

day axis of the Southwest Indian Ridge and 18.4 km from the inferred axis of transform faulting on
the floor of the Atlantis II Fracture Zone (Dick et al., 1991b). Given the position of the site, the
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relatively constant spreading direction over the last 11 m.y., and the ridge-parallel strike of the local
foliation, the Atlantis Bank gabbros must have crystallized and deformed beneath the median valley
of the Southwest Indian Ridge, 15 to 19 km from the ridge-transform intersection, around 11.5
Ma. A single 11.3 Ma Pb-zircon age reported by Stakes et al. (1991) for a trondhjemite in
amphibolite near the top of the hole confirms the age determined by plate reconstruction.

The gabbros were subsequently uplifted in a large horst from beneath the rift valley 5 to 6 km up
into the transverse ridge (Dick et al., 1991b). The single uniform magnetic inclination throughout
the section, demonstrates that there has been no late tectonic disruption of the section, although the
relatively steep inclination| suggests block rotation of up to 18° (Pariso et al., 1991). Thus, unlike
some rocks dredged from fracture-zone walls,those drilled in Hole 735B formed beneath the rift-
valley floor away from the transform fault. They likely represent petrologically a typical igneous
section of Southwest Indian Ridge ocean crust, with an intact metamorphic and tectonic stratigraphy
recording brittle-ductile deformation and alteration at high temperatures beneath the rift valley as
well as subsequent unroofing and emplacement on ridge-parallel faults.

The unroofing and exposure of the Hole 735 B section relates to the present-day asymmetric
distribution of plutonic and volcanic rocks north and south of the ridge axis near the fracture zone,
as well as to the striking physiographic contrast between crust spreading in opposite directions at
the ridge-transform intersection (Fig. 2) (Dick et al., 1991b). These features suggest that a crustal
weld periodically formed between the shallow levels of the ocean crust and the old, cold
lithospheric plate at the ridge-transform intersection. This weld caused the shallow levels of the
newly formed ocean crust to spread with the older plate away from the active transform, creating
long-lived detachment faults beneath which the deep ocean crust spreading parallel to the transform
was unroofed and emplaced up into the rift mountains to form a transverse ridge. A similar model
was proposed by Dick et al. (1981) to explain the asymmetric physiography and distribution of
plutonic and volcanic rocks at the Kane Fracture Zone in the North Atlantic. In the Kane Fracture
Zone, the surface of the detachment fault has actually been observed by submersible (Dick et al.,
1981; Mevel et al., 1991). Detachment faults similar to the one proposed to explain unroofing of the
lower crust at the Atlantic Fracture Zone have been suggested to occur periodically within rift
valleys by fault capture during amagmatic periods (Harper, 1985; Karson, 1991). Thus, the
structures and fabrics seen in the Hole 735B core are likely to be representative of the kinds of
fabrics generally found in lower crustal sections formed at slow-spreading ridges. It is true,
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however, that due to the proximity to the transform, the extent of the ductile shear may be greater
than elsewhere beneath the rift valley.

SCIENTIFIC OBJECTIVES AND METHODOLOGY
Summary of Objectives

1) To investigate the nature of magmatic, hydrothermal, and tectonic processes in the lower ocean

crust at a slow-spreading ocean ridge.

2) To achieve a detailed sampling of the spatial and temporal variability of the lower crust by
examining the extent of both brittle and ductile deformation in the lower ocean crust, the
spacing, width and orientation of major and minor fault zones, and the state of internal stress of
the lower ocean.

3) To establish a natural laboratory with the potential for future hole to hole magnetotelluric and
permeability experiments and direct testing of the nature of layer 3.

Specific Scientific Objectives and Methodology

The principle objective of Leg 159 will be to deepen Hole 735B to a depth of 2 km (Fig. 3).

Leg 118 ended with Hole 735B cored to a depth of 500.7 mbsf, pentrating 0.5 m into a coarse-
grained troctolite (Fig. 4). Based on the many fine-grained troctolite precursor micro-intrusions in
the overlying olivine gabbro, it has been suggested that the coarse-grained troctolite represents the
top of a third major intrusive body. The primitive composition and modal mineralogy of this body
are similar to that seen in the primitive cumulates overlying the petrologic Moho in many ophiolites.
Leg 159 will deepen the hole to confirm the presence of a large body of troctolite and then will drill
deeper to determine if there are other intrusions below it. To date, no layered cumulates, as would
be expected to form by magmatic sedimentation, have been found in the hole. If these are
encountered deeper in the hole, then this would suggest, contrary to the Leg 118 results, that there
was a significant long-lived magna chamber present. Only continued drilling can confirm the
absence of such rocks in plutonic layer 3 here. An additional objective of Leg 159 will be to
determine the spacing of major ductile shear zones. If the faults these represent are listric, then the
inclination of the fault plane and the nature of the physical deformation should change with depth as
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the faults sole into the brittle-ductile transition. Extensive alteration in the amphibolite facies has
been found in Hole 735B to date. A major objective is to define whether or not there is gradational
alteration with depth. The existing section is too short to determine this, particularly given its
heterogeneous nature. An important objective is to recover a full representation of the major igneous
lithofacies to determine the nature and extent of the igneous processes which occurred during
formation of the section.

While the exact level of Hole 735B in the lower crust cannot be determined with any accuracyi, it is
likely that it is fairly deep, and possibly within a short distance of the petrologic Moho. The vertical
seismic profile conducted in the hole during Leg 118 showed coherent events at 560 and 760-825
mbsf. These were tentatively interpreted as reflections from the seismic Moho by Swift et al.
(1991). A detailed gravity survey was conducted over the Atlantic II Fracture Zone with 13 parallel
300-km lines run at a 5-km spacing down the length of the transform and adjacent ridges (Dick et
al., 1991b). These showed that the transverse ridge is isostatically unsupported and composed of
high density material, ruling out an origin by serpentinite diapirism similar to other transverse
ridges studied by gravity (e.g., Louden and Forsyth, 1982). Moreover, individual gravity highs
were situated over each of the major topographic highs along the ridge. Modeling the gravity field
suggested that the structure of the ridge was heterogeneous, with topographic lows underlain by
lower density material, and highs underlain by high density, with the gravity over the Atlantic Bank
suggesting the presence of virtually no crustal component. The gravity data suggest that the mantle
densities exist near the sea floor and that the crustal section drilled on the wave-cut platform is
unlikely to extend to great depth (Fig. 5). In addition, troctolites, which were drilled at the bottom
of Hole 735B, while they have been found as isolated intrusions at all levels in ophiolites, are
generally abundant near the petrologic Moho.

The nature of the basal cumulates in the ocean crust is of fundamental importance to understanding
magmatic processes, and the nature of primary magmas. It is widely believed that these rocks
represent the first products of crystallization of the primary magmas as they migrate out of the
mantle. As such, simple liquid-crystal partitioning and trace and major element modeling can be
used to recover the composition of the primary liquids (e.g., Meyer et al., 1989). recent studies of
the rare earth elements in abyssal peridotites suggest that the dominant process by which melts form
in the mantle is fractional melting rather than batch equilibrium meting as was once widely
supposed (Johnson et al., 1990). Mid-ocean bridge basalts, however, by themselves can be
modeled equally well by batch equilibrium and fractional melting models.
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A single deep penetration of plutonic layer 3 is a purely one-dimensional view, yet the last three
decades of research at mid-ocean ridges, particularly at slow-spreading ocean ridges, leads to the
conclusion that magmatic and tectonic processes there may be episodic on a variety of scales
(Ballard and Van Andel, 1977; Karson et al., 1987; Pockalny et al., 1988; Severinghaus and
MacDonald, 1988). Implicit to this is the concept that at the slow end of the spreading spectrum,
magma chamber are ephemeral and of limited extent in time in space (e.g., Dick et al., 1991a;
Sinton and Detrick, 1992). There are, however, no direct constraints whatsoever on this inference,
which can only be done by obtaining an accurate two dimensional cross section of the lower crust
along a lithospheric flow line.

In this respect, Hole 735B is unique. The wave-cut platform provides a horizontal section of the
lower ocean crust some 7 km long and approximately 3.5 km across. Moreover, due to the results
of Leg 118, we know that the rocks in this hole, which crossed through at least one major ductile
fault, have the most uniform magnetic inclination of any crustal section ever drilled, giving direct
evidence that the block preserves largely intact the internal tectonic-igneous and metamorphic
stratigraphy of the ocean crust from the time at which it passed through its Curie point. This data
also gives us an estimate of paleo-horizontal through the site (Fig. 3). Based on this information,
phase two of investigations, to be conducted at some future date, should consist of a suite of 500 m
drill holes which should represent a paleo-stratigraphic overlapping transect of crust generated over
a 400,000 interval (defined by the spreading rate). While we do not know the lateral extent of the
one dimensional stratigraphy determined from Hole 735B, this can be determined from the
proposed drilling. Holes 735C and 735D, for example, both should drill into a crustal section
stratigraphically overlying and overlapping with the upper portion of the section drilled in Hole
735B. Hole 735E, on the other hand, should largely overlap the upper 500 m of Hole 735B, while
Hole 735F should drill a section stratigraphically immediately below the present depth of Hole
735B, but overlapping the section we propose to drill on Leg 159. It will be noted that the section
we propose to drill contains at least one major ductile fault. While its orientation and dip are known
from a combination of bottom TV survey and drilling, the throw on this fault is not known. While
this is one of the objectives of drilling Hole 735D, it can de reasonably assumed that since this fault
occurs within a major tectonic block along the transverse ridge, that the throw is not large. As we
show it (note the offset of paleo-horizontal), the total throw is 200 m.

Thus, the proposed drilling would capitalize on the unique opportunity presented by the wave-cut
terrace at the Atlantis Bank, to directly test the two-dimensional structure of the ocean crust. While
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wave-cut terraces exist along other great transverse ridges, such as the Vema, those accessible for
drilling in the Atlantic are either capped by limestone, or have an entirely ambiguous spreading
history, and thus the lithospheric section can not be related to its paleo-position along the ocean
ridge where it was generated.

Given the highly three-dimensional structure believed to exist in the lower ocean crust beneath
ocean ridges the proximity of the section to the mid-point or distal end of a magmatic cell is critical.
A section drilled far from the mid-point of such a cell for example, may have a petrologic Moho
where highly evolved ferrogabbros are intruded over residual mantle peridotite. Such a section
would not resolve any of the major petrologic questions about the nature of primary magmas at
ocean ridges, and would likely provide answers entirely parochial to the distal ends of spreading
segments close to large offset fracture zones. A section generated near the mid-point of a magmatic
cell, on the other hand, as we anticipate at Site 735 (Fig. 6), is likely to not only have a thicker
plutonic section, and longer-lived more slowly cooled magma chambers, but is also likely to
contain the products of crystallization of the most primitive melts erupted from the mantle as basal
cumulates. Such a section would be far more diagnostic of the magmatic processes affecting the
composition of mid-ocean ridge basalts within the crust. Moreover, residual mantle peridotites
drilled beneath such a section are likely to record evidence of the mantle conduits through which
melts flowed and the processes effecting melts at shallow depths in the mantle if current models for
the focusing of melt flow out of the mantle toward the mid-points of ocean ridge segments are
correct.

The section we propose at the Atlantis Bank, can be accurately placed due to the extremely good
magnetic survey made by the RV Conrad along the walls and flanks of the fracture zone, to lie 18
km from the present and paleo-transform. Based on this, the section originally formed beneath the
paleo-Southwest Indian Ridge at 11.5 Ma (Dick et al., 1991b) close to the mid-point of an average
magmatic cell for this spreading rate (e.g., Schouten et al., 1985). This age and the paleomagnetic
reconstruction have been confirmed by an 11.5-Ma U-Pb zircon age date (Stakes et al., 1991) on
a trondhjemite vein from Hole 735B. This, as far as we know, is the only plate reconstruction so
confirmed to date, and gives it an exceptionally high degree of reliability.

The objective of Leg 159 is not to directly test the composition of layer 3, a problem in seismic
stratigraphy. At the present time, there is probably no suitable site know for offset drilling in the
oceans where that problem can be directly addressed, requiring a site where a known seismic
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stratigraphy can be traced into it from seismically “normal” ocean crust. By their nature, tectonically
exposed sections of the lower ocean crust generally occur where the crustal topography and
tectonics is too complex to do this. However, a long continuous section of lower crustal rocks, and
documentation of the nature of the magmatic, tectonic and hydrothermal processes occurring
therein, is of immeasurable value in trying to indirectly reconstruct the nature of layer 3 in the
oceans and the reflectors therein, and is thus invaluable in constraining new models for its nature
and origin.

Tectonic Objectives

The rocks cored on Leg 118 showed a remarkable structural geology, with both hydrothermal
alteration and late magmatic processes uniquely controlled by brittle-ductile deformation. The rocks
recovered included 100 m of amphibolites from a brittle-ductile shear zone representing a ductile
fault believed to have formed beneath the rift valley of the Southwest Indian Ridge, as well as rocks
deformed by shear while the gabbros were still partially molten. The drilled section provided us
with the first look at tectonic processes within an in-situ section of ocean crust. Moreover it was
shown that alteration of the entire section was tectonically enhanced. The strong interrelationship of
deformation and igneous and metamorphic process is unique in many ways to the mid-ocean
ridges. During Leg 159, we will examine the extent of both brittle and ductile deformation in the
lower ocean crust, the spacing, width and orientation of major and minor fault zones, and the state

of internal stress of the lower ocean

Hole 735D is situated in such a way that it should pass through the ductile fault encountered at the
top of Hole 735B if the fault is listric, which would be expected from the block rotation postulated
from the magnetic study of the core, or drill into the top of it if the fault plane remains at a constant
angle with depth. Moreover, as the stratigraphy immediately below the footwall of the fault was
drilled during Leg 118, we may be able to determine the total throw on the fault when we have
recovered a stratigraphic section from above the hanging wall in Hole 735D. The orientation and
nature of the major fault planes bounding mid-ocean ridge rift valleys at depth is a major question,
which the this program will directly address.

The formation of transverse ridges has been the subject of great speculation (Severinghaus and
MacDonald, 1988). These ridges consist of a series of connected tectonic blocks generated by block
uplift at the inside-corner highs of the great fracture zones where the active transform valley
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intersects the active rift valley. For whatever reason, it has been now widely documented that at
these intersections the crust is periodically unroofed and uplifted as much as 6 km. The Atlantis
Bank is one such tectonic block. Drilling within the block may tell us little of the uplift process,
however, as the actual displacements which occurred in the crust at the level of the rocks we
propose to drill were largely confined to the faults bounding the block. The geologic structures
drilled may have been influenced by this process, as these faults are likely to form and root within
the brittle-ductile transition zone beneath the rift valley. As a result the extent of brittle-ductile
deformation may be enhanced. Nonetheless, similar faulting is postulated to occur beneath slow-
spreading rift valleys far from transforms as well (e.g., Karson et al.,1987), and the presence of
such faults has also been inferred seismically (Toomey et al., 1988). Thus, while the degree of
ductile faulting and alteration found in the proposed drilling transect may be accentuated compared
to ocean crust further from a transform, the processes involved are likely to be the same, and most
conclusions drawn from the drilling are likely to be valid for the ocean crust formed at slow-
spreading ridges as a whole.

DRILLING PLAN/STRATEGY

Hole 735B is unique in the history of crustal drilling in the oceans in that it is the only hole in which
drilling conditions continuously improved with depth. At the end of Leg 118, when operations
were discontinued for logging, it was being drilled at a rate of 60 m/day with 100% recovery. The
hole was left open with no evidence of any significant breakouts or rubble, and no junk due to
drilling mishaps. No bits were destroyed or even seriously damaged during drilling, and the
average bit retrieved could have been rerun in the hole.

A major operational consideration is the shallow water depth at the site. Situated in only 700 m of
water, drilling operations are extremely easy. The superb drilling conditions at the site can be
attributed to its location in the center of a large keystone horst block on the crest of the transverse
ridge, and its emplacement from the zone of ductile and brittle ductile deformation due to
detachment faulting directly into the zone of block uplift at the inside-corner high of the ridge-
transform intersection (Fig. 2). As a consequence, the section did not pass through a zone of brittle
extensional tectonics at the ridge axis, which would have created extensive fracturing and the
formation of rubble. This latter process, is reasonably the cause of most of the drilling problems
encountered in the pillow lava and sheeted dike sections drilled at slow-spreading ridges to date.
Moreover, the medium to coarse grained gabbros have large individual mineral grains with well
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defined cleavage planes and significant stored internal thermal strain. These rocks proved, unlike
fine to very fine-grained basalts and diabases in Hole 504B, to be uniquely suited to rotary drilling,
as each mineral grain has sufficient stored elastic strain, that they shatter under percussion drilling.
During Leg 140 at Hole 504B, drilling conditions and recovery both correlated positively with grain
size in the recovered core (Dick, Erzinger, Stokking, et al., 1992).

It is reasonable to assume that drilling conditions will remain roughly constant from the holes
present depth until thermal problems occur, or when serpentinized peridotite is encountered. While
the depth at which the latter will occur is difficult to predict, thermal problems would not
reasonably be expected until about 2000 m sub-basement, based on experience at Hole 504B where
the present temperature is now close to 190°C. Conditions in drilling serpentinite at Hole 670 in the
MARK area and Galicia Margin also have proved to be good, and thus, even if encountered,
serpentinite should pose no problems, though it could slow drilling.

The present temperature at the bottom of the hole is 11°C, with a very low gradient, which appears
to be increasing with depth. An accurate projection of temperature with depth below the hole,
therefore, is difficult, but will almost certainly be lower than that of Hole 504B at a given depth
(R.P. Von Herzen, pers. comm.).

Based on the hypothesis that brittle fracture and brecciation decrease with depth in plutonic layer 3
due to the steep geotherm beneath an ocean ridge, and that fine-grained rocks are unlikely to be
encountered lower in the section, it is reasonable to suspect that the overall penetration rate would
remain close to that for Leg 118. Five hundred meters were drilled at Hole 735B in 19 days,
including setting a guide base and starting with the mud motor rather than the top drive, and using
minimum bit weights and extreme conservatism. With virtually no wear on the bits and improved
bit design, Leg 159 should have markedly longer bit life which should more than make up for
increased trip time as the hole is deepened.

During Leg 159, Hole 735B will be deepened to 2 km depth or until drilling conditions force the
hole to be abandoned. Following this, we will offset 800 m due south and spud in a second hole,
Hole 735C, in crust 100,000 years older, and drill to 500 m. Given the paleomagnetic evidence
from Hole 735B that the section is back tilted 18° (Pariso et al., 1991), it is believed that this would
drill into rocks representing part of the upper missing section at Hole 735B, possibly intersecting
the upper levels of the gabbro norite and about 250 m of the underlying olivine gabbro previously
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drilled, provided that these intrusions extend this far south. Logging of hole would be deferred to a
future program. Leg 159 is devoted entirely to drilling except for logging the temperature profile in
Hole 735B prior to disturbing the hole with additional drilling. Hole 735C will be drilled if time
permits. A future program would re-occupy Hole 735B and deepen it to 2 km if that depth had not
been reached on Leg 159, or re-occupy or spud in Hole 735C if the latter had not reached its target
depth of 500 m. Drilling, logging and geophysical downhole experiments would then be conducted
at Holes 735D, 735E, and 735F.
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Figure 1. Hand-contoured bathymetric map of the eastern transverse ridge, showing the location of Site 732 and Hole 735B. SeaBeam tracks hand-shifted by eye

to eliminate conflicts in the data. Solid lines indicate actual data, while hatched lines show inferred contours. Contour interval is
indicate the starting point and approximate track of dredge hauls. Filled circles indicate the approximate proportions of rock types
= altered gabbro; + = gabbro; V = basalt and diabase, stippled = greenstone.
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Figure 2. Temporal cross sections across the Southwest Indian Ridge rift valley drawn parallel to the spreading
direction (not across the fracture zone, but parallel to it), showing the postulated tectonic evolution of the transverse
ridge and Hole 735B (Dick et al., 1991). The sequential sections are drawn at about 18 km from the transform fault.
Crust spreading to the right passes into the transverse ridge and spreads parallel to the transform valley. Crust
spreading to the left spreads into the rift mountains of the Southwest Indian Ridge parallel to the inactive extension
of the Atlantis II Fracture Zone.

A, Initial symmetric spreading, possibly at the end of a magmatic pulse. Late magmatic brittle-ductile deformation
occurs because of lithospheric necking above(and in the vicinity of whatever passes for a magma chamber at these
spreading rates. Hydrothermal alteration at high temperatures accompanies necking and ductile flow in subsolidus
regions.

B. At some point, the shallow crust is welded to the old, cold lithosphere to which the ridge axis abuts, causing
formation of a detachment fault, and nodal basin, initiation of low-angle faulting, continued brittle-ductile faulting,
and amphibolite-facies alteration of rocks drilled at Hole 735B.

C and D. Block uplift of the rift mountains at the ridge-transform corner forms a transverse ridge enhanced by regional
isostatic compensation of the local negative mass anomaly at the nodal basin. Initiation of the block uplift terminates
the extension driving cracking, and drastically reduces permeability in the Hole 735B rocks, effectively terminating
most circulation of seawater and alteration. Greenschist-facies retrograde alteration continues along the faults on
which the block is uplifted to account for the greenschist-facies alteration that predominates in dredged gabbros.
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Figure 3. Cross section along a lithospheric flow line
over the wave-cut platform at Hole 735B, showing the
proposed Leg 159 deepening of the hole and drilling
transect (no vertical exaggeration). At the observed
spreading rate of 0.8 cm/yr, the proposed 800 m offset of
the holes equates to 100,000 year spreading increments.
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lithostratigraphy (Scientific party, 1989; Dick et al.,
1991). The inferred ductile fault is based on the
bathymetry which suggests the presence of such a
structure. The paleo-horizontal is inferred on the basis of
the rock rotation needed to explain the deviation of the
observed magnetic inclination of 70° from the predicted

52° (Pariso et al., 1991).

Figure 4. Basement lithostratigraphy

of Hole 735B (Leg 118).

Recovery

Unit

Lithology

0 —

m | = | Core

onlLeg 118

50 —

Dapth (mbaf)

150 —{ 32

Foliated metagabbro

Olivine-bearin

and olivine gabbro

L/ /]| olivine gabbro
%

200 — "

fron~titanium
oxide-rich gabbro

Olivine-rich gabbro
and troctolite

250 —

106

1LLA LM




56.58 57.08
B
-31.60 } i -31.80
£ Q; ‘
i [ C
: 3
32.20 | 1-32.20
32.80(] -32.80
(= '
%340 1-33.40
g
S Y | e SR, A S A _34'00

- 34‘%06.

58 57.08

Atlantis Il Fracture' Zone, 3800m isobath.

Atlantis Il Fracture Zone, profile across 735b.

Gravity (mgal)

Gravity (mgal)

160
1407
1201
1007
807
601

-207
-407
-601
-807
-1007
-120

5 km crust model

i\

0P

0

]
A
160

Observed gravity

T T T

20 40

Range (km)
-

60
Model gravity

¥

At

1407
1207
100
801
601

0
=207
-40 7
-60
-80 7

-100 7]

40"“»‘.'./\
207 7y
!

No crust model

-1200

20 40
Range (km)

Atlantis Il Fracture Zone, Long Profile

Gravity (mgal)

C
150

C!

140
1304
1201
1101
1007

901 F%

80
7079,
607

50T
407
307:
207
107

5 km crust model

0

-10
0

150

T 1 T T T T T T ¥ T T T T T T i

C

120

20 40 60 80 100 140

Range (km)
Site 735

160 180

Cl

1404
1304
120
110
100
901
801
70
604
50
404
301
207
107

Gravity (mgal)

No crust model

0

=]

-100

[ Observed gravity

L Ll L] L) ] L] L) LR L L] i i i ] L)

20 40 60 80 100 120 140 160
Range (km) .  Model gravity

180

Figure 5. Observed and model gravity profile along a lithospheric flow line down the eastern transverse ridge flanking the Atlantic II Fracture Zone and across
the transform. The line passes directly over Hole 735B,m as shown, where there is the largest anomaly found anywhere along the ridge. Note that the topographic
highs correspond to gravity highs and the topographic lows to gravity lows (counter-intuitive). This agrees with tectonic modeling showing that the walls of
inside-corner highs expose deep crustal rocks including gabbro and mantle peridotites, and clearly demonstrates that such highs are not the product of serpentinite

diapirism (Dick et al., 1991; Snow et al., in prep.). Curves passing through boxes are the observed gravity field, while curves passing through +'s are the model
gravity fields for 5 km and 0 km thick crustal models, respectively.
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Figure 6.

A. Balanced cross section across the Atlantic II transform valley and through Site 735 and the Atlantic Bank showing
the interpreted structure as an axial horst situated parallel to the transform valley (from Dick et al., 1991). The
geology is based on SeaBeam bathymetry, the distribution of lithologies dredged along the walls of the fracture zone
in its vicinity, the televiewer survey at Site 735 and the drilling results at Hole 735B.

B. Restored cross-section based on the topography of the present day Southwest Indian Ridge Rift Valle}; (southern
rift). Faults are inferred on the basis of the location of benches along the walls of the transform. Fault dips are
arbitrarily drawn as the drilling encountered no high-angle faults (which would be anticipated from Hole 735B’s

location near the center of a keystone horst block).

108



...Leg 159 - Return to Hole 735B...
TABLE 1
PROPOSED SITE INFORMATION

and
DRILLING STRATEGY

SITE: 735 PRIORITY: 1 POSITION: 57°16.0’E, 32°43.4’S
WATER DEPTH: 700m SEDIMENT THICKNESS: 0m TOTAL PENETRATION: 2000m
ISEISMIC COVERAGE: OPD Leg 118 Site 735

Objectives: To drill a2 km section of plutonic layer 3 starting at the present 500 m depth of Hole 735B. The drilled
hole will be used as part of the deep crustal natural laboratory for downhole experiments. Potential Holes 735 C
735D, 735 E, and 735F lie along a traverse spaced 800 m apart and colinear with Hole 735B and will provide a two-
dimensional section of seismic layer 3 which, through downhole experiments, can be used to test the nature of that
layer and to provide a detailed sampling of the temporal and spatial variability of the lower crust.

Drilling Program: RCB coring to 2000 m in Hole 735B and 500 m in Holes 735C, 735D, 735E, and 735F.

Logging and Downhole Operations: Heat flow and standard suite from bottom of present Hole 735B. Standard
suite in Holes 735C, 735D, 735E, and 735F and ongoing detailed downhole experiments.

Nature of Rock Anticipated: Gabbro and peridotite.
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ABSTRACT

Proposals for scientific drilling of transform continental margins have recently received increased
attention for two main reasons. Firstly, transform faults represent the third category of major plate
boundaries, but are still less understood than the two other major plate boundaries, divergent and
convergent. Among transform faults, transform continental margins are still poorly known, and
have never been investigated by the potentialities of scientific drilling. Secondly, drilling at a
transform margin can constrain the structure and evolution of the ocean-continent transform
boundary, particularly deformational history, vertical movements and its effects on the sedimentary

records.

The Cote d'Ivoire-Ghana (ICG) Margin in the eastern equatorial Atlantic is considered as one of
the best known examples of a transform boundary between continental and oceanic crust. The
margin has been created by major transform motion between plate boundaries. This motion is still
active today along the Romanche Fracture Zone. Since its creation, the ICG Margin has not
experienced any major regional tectonic disruption, and its present day sedimentary and tectonic
features are directly inherited from its Cretaceous transform margin history.

Drilling on the ICG Margin will document 1) the relationship between deformation and
sedimentation and the development of the transform margin, 2) the nature, structure and
deformation history of this transform boundary, and 3) the history of the oceanic gateways
between the Central and South Atlantic during the opening of the Equatorial Atlantic, particularly in
Cretaceous times.
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INTRODUCTION

The concept of a transform (or sheared/translational) continental margin as a specific type of
continent-ocean boundary progressively developed since the 1970s. Geophysical results from
several transform margins clearly demonstrate that these margins are drastically different from
divergent margins, on the basis of crustal structure, deformation, subsidence and sedimentation
history.

Within the past 10 years, several marine geophysical cruises (mainly gravimetry, refraction, and
reflection seismic profiling) have been devoted to a few important transform margins, namely a)
Agulhas Margin and its conjugate the Falkland Margin (Ewing et al., 1971; Emery et al., 1975;
Scrutton, 1976, 1979, 1982; Lorenzo and Mutter, 1989), b) southern Newfoundland Margin
(Hayworth and Keen, 1979; Todd et al., 1988; Keen et al., 1990), ¢) southern margin of the
Exmouth Plateau (Lorenzo et al., 1991), d) Spitzbergen Margin (Lowell, 1972; Eldholm and
Talwani, 1982; Eldholm et al., 1987), and e) equatorial African transform margins (Fail et al.,
1970; Arens et al., 1971; Machens, 1973; Delteil et al., 1974; Emery et al., 1975; Mascle, 1976;
Klingebiel, 1976; Blarez, 1986; Blarez et al., 1987; Mascle and Blarez, 1987; Mascle et al., 1988;
Mascle, Auroux et al., 1989; Basile, 1990, Basile et al., 1992; Mascle et al, 1993; Basile et al.,
1993) and their conjugate, the northern Brazilian Margin (Ponte and Asmus, 1978; Zalan et al.,
1985; Costa et al., 1990). Scientific drilling was conducted during DSDP Leg 36 (Barker, Dalziel,
et al., 1976) and ODP Leg 114 (Ciesielski, Kristofferson, et al., 1988) in the Falkland area and
ODP Leg 122 in the Exmouth Plateau (Hag, von Rad, O’Connell, et al., 1990).

From these results, three main morpho-structural features of transform margin (e.g., The Cote
d'Ivoire-Ghana (ICG) Transform Margin, Fig. 1A, 1B, 1C) can be recognized, namely the
existence of a) lateral structural continuity between a major oceanic fracture zone and a continental
transform margin (the Romanche Fracture Zone and ICG Margin), b) a very steep and narrow
continental slope (20-30 km) between a continental shelf and an adjacent oceanic abyssal plain,
indicating a very sharp crustal transition between thick or partially thinned continental crust and
oceanic lithosphere, and c) a morphologically well expressed marginal ridge, bounding the
transform margin, along an adjacent extensional basin (Cote d'Tvoire Basin).

All these features result from a translational stress acting between two continents along active
transform faults. During rifting and opening, such evolution can be schematized into three main
stages (Fig. 2) (Mascle and Blarez, 1987).

114



...Leg 160 - Eastern Equatorial Atlantic Transform...

Stage 1 - An intra-continental active transform fault (stage A on Fig. 2). This results in a contact
between two thick continental plates of variable thicknesses. In this case, the transform boundary
of the extensional basin is submitted to shear stresses and accompanies potential uplift to create a
bordering marginal ridge.

Stage 2 - Continent-ocean active transform fault contact (stage B on Fig. 2). In this setting, the
proximity of the hot oceanic lithosphere may induce important vertical readjustment of the nearby
continental margin border.

Stage 3 - Inactive continent-ocean transform fault (stage C on Fig. 2). This is tectonically a passive
transform margin, experiencing relatively homogenous thermal subsidence.

STUDY AREA

The ICG Margin has been created by major transform motion between plate boundaries. This
motion is still active today along the Romanche Fracture Zone, which offsets the Mid-Atlantic
Ridge by 945 km (Fig 1A) (Fail et al., 1970). Since its creation, the ICG Margin has not
experienced any major regional tectonic disruption, and its present day sedimentary and tectonic
features are directly inherited from its Cretaceous transform margin history. The area of particular
recent investigation along this margin is the Céte d'Tvoire Marginal Ridge, that is located between
the divergent margin (i. e. the deep Ivorian Basin) and the transform margin. This area
corresponds to a transition between laterally thinned continental crust and adjacent oceanic crust.
The setting of the present-day marginal ridge includes a fossil ridge that connects laterally with the
extinct Romanche Fracture Zone (Fig. 1B and 1C).

Nature of the Continent-Ocean Transform Boundary
Little is still known about the structure of the continental crust beneath transform margins. Almost
nothing is known about the transition between continental and oceanic crust at the transform

boundary. The oceanic crust emplaced at the junction between accretionary axis and the transform
fault (stage B in Fig. 2) should record strike-slip tectonics.
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Along the ICG Transform Margin, there is no evidence of oceanic crust deformation. However, en
echelon elongated basement ridges has been discovered at the western termination of the ICG
Transform Margin (Basile, 1990) as along the oceanic Romanche Fracture Zone (Mascle, Auroux,
et al., 1989) (Fig. 1). Dredging and recent sampling during the diving cruise Equanaute have
shown that these ridges consist of continental derived rocks (Honnorez et al., 1993).

These rocks are likely related to transform activity at the ocean-continent boundary, although the
precise origin and deformation history of the continentally derived rocks and their relationship to
the adjacent oceanic crust must still be resolved.

Clear similarities exist between fossil transform margins and inactive oceanic fracture zone. First,
and as exposed above, en echelon minor ridges exist between the thinned continental crust and the
oceanic crust (length 25 km, width 6 km, height 750-1000 m, spacing 10 km), within the fossil
oceanic fracture zone (inactive Romanche: length 25 km, width 7 km, height 500 m, spacing 10
km), and possibly in the active one (median ridges in the active Romanche or Vema Fracture Zone,
for example) (active Romanche: length 18-25 km, width 4-6 km, height 300-600 m) (Bowen and
White, 1986; MacDonald et al., 1986; Auzende et al., 1989a; Mamaloukas-Frangoulis et al., 1991;
Honnorez et al., 1991).

At another scale, the ICG Marginal Ridge as a whole appears to be comparable in size to transverse
ridges bordering active oceanic fracture zones (e.g., Vema, Romanche) (Bonatti and Chermak,
1981; Auzende et al., 1989b; Honnorez et al., 1991). The ICG Marginal Ridge, like fracture zone
transverse ridges, is an elongated asymmetrical feature, with a steep slope facing the transform
boundary and a more gentle slope on its opposite side. Its southern slope (along the transform
boundary) exposes an upper crustal section several kilometers thick suggesting that the marginal
ridge, like transverse ridges of fracture zones, may result from block tilting.

Similar tectonic processes thus can be active during the formation of both oceanic fracture zones
and transform margins. Unfortunately the lack of detailed geological data on transform margin
minor ridges, as well as the absence of quantitative information on the rate of uplift and subsidence
of transform marginal ridge are insufficient to develop this comparison further.
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Equatorial Atlantic Gateways

The history of the continental separation within the equatorial Atlantic area remains a key to
understand the events that have led to the establishment of the past (and present) patterns of oceanic
water circulation (Berggren and Hollister, 1974; Foster, 1978; Moullade and Guerin, 1982;
Moullade et al., 1993).

During its early opening stages, the Central Atlantic was separated to the South Atlantic by a major
fracture zones system (Chain, Romanche and Saint Paul Fracture Zone) in the Gulf of Guinea.

The oceanic connection between the Central and South Atlantic occurred through the Equatorial
Atlantic in Aptian times. During the Early Cretaceous stages of basin development, water
circulation was greatly restricted by both fracture zones and transform margins, leading to
deposition of thick carbonaceous shales sequences. Hence, the circulation of dense, saline water in
the equatorial basins has been an important factor in controlling deposition along the Atlantic
margins, and is likely to have contributed to the development of several unconformities within the
Cretaceous sedimentary record.

By Santonian times the equatorial rift had reached a width of about 1200 km, water depths close to
the continental margins exceeded 5000 m and the transfer of surface water between the central and
south Atlantic was well established.

During Cenozoic times, the Romanche Fracture Zone has acted as an important conduit for the
transfer of deep bottom water from the western to the eastern equatorial Atlantic basins.

Seismic Stratigraphy of the Coéte d'Ivoire Margin Domain

The seismic stratigraphy of the area is based on investigations by the 1983 Equamarge I cruise
(Blarez, 1986; Blarez et al., 1987, Mascle and Blarez, 1987, Mascle et al., 1988), the 1990
Equasis cruise , the Equaref cruise and C. Darwin cruise 55 (1990 and 1991, respectively), the
1988 Equamarge II cruise (Mascle, Auroux et al., 1989; Basile et al, 1989; Popoff et al., 1989;
Pontoise et al, 1990; Basile, 1990; Basile et al., 1992, Basile et al., 1993), the 1992 Equanaute
cruise (Mascle et al., 1993), and a few results from the Brazilian conjugate margin, chiefly
explored by PETROBRAS (Ponte and Asmus, 1978; Zalan et al., 1985; Costa et al., 1990).
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The proposed seismic stratigraphy is defined on the basis of angular relationships between several
sedimentary units, especially along the northern slope of the marginal ridge. We distinguish six
main units, A to F (Fig. 3) (Basile et al, 1993).

The relationship between basal Unit A and the underlying acoustic basement is still not clear. This
basal unit is deformed both in the divergent Ivorian Basin and the transform marginal ridge. It can
be divided into subunits in AO, A1 and A2. AO seems to be ante-rift in the whole area. Al is syn-
rift in the divergent Ivorian Basin. A2 is post-rift in the Ivorian Basin, but deformed within the
transform margin.

Unit B corresponds to post-rift sediments, and is not deformed within the transform margin. It
unconformably overlies both the A sequence of the deep Ivorian Basin and the A2 sequence of the
transform margin.

Units C to F lie conformably on the previous units, within and along the eastern side of the
transform margin. However, they lie unconformably on the B and A2 sequences that constitute
most of the northern slope of the marginal ridge. All units lie almost horizontally in the deep
Ivorian Basin, but may progressively pinch out against the marginal ridge, possibly due to coeval
ridge uplift.

Sedimentary Units C and D seem to have been deposited both by aggradation within the Ivorian
Basin (i. e. distal detrital sedimentation from the African coasts) and by progradation originating
from the marginal ridge summit (i. e. proximal detrital sedimentation). Such mechanisms imply
that the ridge top was near sea level at that time. The upper part of the C sequence onlaps the ridge
top, whereas the lower "D" sequence is restricted to the deepest part of the Ivorian Basin. Such
progressive restriction of the area of sedimentation also characterizes E and F sequences. Also, the
lower E sequence consists of short-dipping reflectors prograding northward.

Lithology

Only few samples were recovered by coring, or dredging, along the transform margin itself. These
all consist of detrital sediments (sandstones or siltstones). Unfortunately these could not be
correlated with the seismic stratigraphy. However, during the Equanaute dives, 14 geological
sections were made along the southern slope of the marginal ridge, and 165 samples were
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collected. Most of these are also terrigenous and probably belong to the same thick sandy-clayey
formations (mainly sedimentary Units Al and A2). These rocks include fine-grained to coarse-
grained sandstones, greenish, lenticular to wavy-bedded, siltstones and black shales, which show
numerous syndiagenetic microfaults and slumps.

Locally, near the foot of the continental slope (sedimentary Unit A1), orthoquartzites and indurated
shales characterized by slaty cleavage were sampled. Thin sections show recrystallized
phyllosilicates which are synchronous with respect to the slaty cleavage. These recrystallizations,
of probable low-grade metamorphic origin, are similar to those observed in Albian deposits of the
Lower Benue Basin (Benkhelil, 1986, 1988). However, the deepest dive (4900 m, dive 11) have
also yielded black schists and fine-grained quartzites comparable to metasediments of Early
Voltaian age (Precambrian), which crop out along the West African shoreline (Affaton et al, 1980).
These results question the Proterozoic or Early Cretaceous age of the base of the Ridge.

Equanaute dives have documented the A2 unit, made of massive sandstones and siltstones
interbedded with pelites. Here, direct in situ observations reveal silty-clayey strata interbedded with
large-scale trough cross-bedded sandstones. Both the sedimentary facies and structures favor a
very shallow marine environment of deltaic type, quite similar to Lower Cretaceous sediments
known in the Lower Benue Basin (Nigeria) (Ojoh, 1990) and in the Potiguar Basin (northeast
Brazil) (Neves, 1989).

Only a few samples can be related to the uppermost Units D to F (chiefly collected during dive 14).
These consist of clayey limestones, dolomites, and siltstones.

Ages

Only two samples (one core and one dredge) have yet provided reliable age information on the
sedimentary units. Both indicate a middle to uppermost Albian age (one dated by palynology
(Klingebiel, 1976), the second by Ostracoda (Grosdidier, pers. comm., 1989)). As both Al and
A2 sedimentary units are exposed along the slope, it is not possible to determine from which unit
the samples were retrieved. Two hypotheses can be considered.
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Units Ages following Ages following
Hypothesis I Hypothesis II
K Present to Present to
E Oligocene Paleocene
D Eocene to upper Cretaceous
C upper Cretaceous Albian
B Cenomanian to Albian post-transform unconformity
A2 uppermost Albian Albian post-rift unconformity
Al Albian to Aptian
A0 Lower Cretaceous Lower Cretaceous

In Hypothesis I, the samples were retrieved from A1 unit, as thought by Blarez (1986). From this
hypothesis we infer that the syn-rift sedimentary Unit A1 is at least late Albian in age and
conceivably may be older (Aptian, like all the equatorial basins, or even Neocomian). In this case,
the post-rift sediments (A2 and B unit) were deposited in latest Albian or Cenomanian times, as in
the Benue trough (Popoff, 1990), but later than the Aptian/Albian unconformity described in the
conjugate Brazilian Margin (Zalan et al., 1985; Costa et al., 1990).

An alternative hypothesis, Hypothesis II assigns an Albian age to the A2 unit. In this case, the syn-
rift Unit A1 and post-rift uncomformity should be respectively Aptian and Aptian/Albian in age, as
indicated on the conjugate Brazilian Margin.

Since no sample was retrieved from the upper sedimentary units (C to F), they can be tentatively
dated only from the hypothesis made on their basement age, and calibrated to an offshore borehole
located 150 km northwards on the Ivorian shelf (IVCO2, Fig. 1C) (Blarez, 1986).

Since the samples retrieved during the dives consist mainly of sandstones, no easy dating by
microfaunas is to be expected. Tentative dating by palynology on a few shales samples are
attempted. Radiochronological dating (Ar/Ar) on neomorphic biotite, and fissions track dating on
apatites and zircons are currently in progress. Preliminary results from the fissions track of detrital
apatites give the following ages of cooling for crossing the isotherm 60°C: 68 Ma (dive EN1, depth
3479 m), 52 Ma (dive EN4, depth 2405 m), and 44 Ma (dive EN9, depth 3905 m).
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Correlations can also be made between the main regional tectonic events and the dating of the
oceanic opening of the equatorial Atlantic. In this area, the lack of identified magnetic anomalies
prevents the determination of an accurate chronology of oceanic opening. The proposed kinematic
models are thus chiefly based on fracture zone geometry and tentatively fitted to magnetic reversal
chronology derived from the South Atlantic (Le Pichon and Hayes, 1971; Sibuet and Mascle,
1978; Rabinowitz and LaBrecque, 1979; Klitgord and Schouten, 1986; Scotese et al., 1988).

Despite the differences between the proposed rotation poles, all reconstructions agree that rifting of
the equatorial Atlantic occurred during the early Cretaceous, maybe in Neocomian-Barremian time
according to Doyle et al. (1982) in the Keta Basin, Popoff (1990), and Brunet et al. (1991) in the
Benue Trough. The various reconstructions also imply that kinematic parameters were modified in
Santonian time. This reorganization has tentatively been correlated with the final disruption of the
African and Brazilian cratons within the equatorial area (Mascle and Blarez, 1987).

Tectonics

To the north of the marginal ridge, the deep Ivorian Basin is an extensional margin, thinned by dip-
slip faults trending north-south to northeast-southwest. These faults bound tilted blocks and half-
grabens, which are infilled by thick syntectonic sediments (Unit Al; Fig. 4). To the south, the
fossil marginal ridge is a 130 km long and 25 km wide prominent feature that towers over the
Ivorian Basin by 1300 m and over the adjacent oceanic crust by more than 4000 m.

The regional structure of the transform margin seems to be linked to the westward thinning of the
adjacent divergent basin (Fig. 4). East of 10'W, the transform border is expressed by a narrow
shelf lying at the same depth as the Ivorian Basin. Between 10'W and 45'W, the transform zone is
chiefly expressed by the marginal ridge that towers the flat Ivorian Basin by 1300 m. West of
45'W, the ridge top is progressively westward dipping like the bordering Ivorian Basin.

Due to the chaotic facies of the pseudo-acoustic basement little is known about the internal structure
of the marginal ridge from single channel seismic lines. Migrated multichannel seismic lines have
greatly improved our knowledge of this pseudo-basement.

East of 10'W (MCS line MT3), in the eastern side of the area, transform motion appears as flowers
structures at the Ivorian Basin - transform margin transition. To the north, these strike-slip become
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transpressional and exhibit reverse slip. The folds associated are en échelon disposed, indicating
right-lateral movement (Fig. 4). Southward appears a wide (> 10 km) and deep (1 km) channel that
is possibly an infilled intracontinental transform valley, such as the Jordan valley in the Dead Sea
transform. The southern limit of this valley is probably at the top of the actual southern continental
slope. Here the deformation observed during the dives is more important (folding, vertical
fracturing, fracture cleavage) than southward, out of the transform valley (strata tilted S-E).

The activity of the strike-slip faults is recorded by the sedimentation of A1, A2 and B units.

The reverse strike-slip faults are active from the deposition of the Al sequence (uplifted during the
sedimentation), up to the deposition of A2 (cut by the faults). An additional uplift of the A2
sequence is sealed as strike-slip faulting by the unreformed B unit.

The transform valley is also probably active during Al and A2 deposition. Here the Al unit is
eroded, and the valley is infilled by the A2 sequence showing thick lenticular bodies prograding to
the south.

Between 10'W and 45'W (MCS line MT2), along a N-W cross section of the marginal ridge, three
tectonic domain can be distinguished.The western prolongation of the transform valley observed
eastward (see above). This transform valley is also located at the boundary between the deep
Ivorian Basin and the marginal ridge. The valley erodes the deepest unit (A0). It is infilled partly
by the faulted A1, and mainly the unfaulted A2 unit. No deformation can be clearly identified
within the northern slope of the marginal ridge because of the lack of continuity of seismic
reflectors. However, it appears that the northern slope of the marginal ridge is mainly made by an
important thickening of the A2 unit to the south. This thickening results in the edification of a
ridge, with at its top sedimentary lenses prograding to the north, and distal fans along its northern
slope.

The presence of the deep Ivorian Basin to the north, and the northward progradation, indicate that
the detrital material was originate from the brazilian shelf that was just located southward at that
time of intracontinental transform faulting. Even if tectonic styles cannot be easily determined from
such seismic sections, Equanaute dives tend to substantiate that deformation increases upslope
towards the ridge top (fracturing and folding) where strike-slip activity was probably concentrated.
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The seismic lines also show that the B unit is restricted to the deep Ivorian Basin and northern
ridge slope. Thus, sedimentation proceeded simultaneously by both aggradation in the Ivorian
Basin (sediments originating from African coasts) and progradation (probably sediments derived
from the ridge top erosion). Units C to F are also restricted to the Ivorian Basin and northern ridge
slope.

The progressive westward deepening of the marginal ridge is due to dip-slip faulting. This faulting
occurred prior B unit, but cannot be dated with confidence. It could alternatively have been
inherited from the Ivorian Basin rifting, or from east-west strike-slip activity and coeval pull-apart
basin creation.

West of 45'W (MCS line MT1), to the west of the marginal ridge, the southern border of the
transform margin includes several en echelon spaced minor acoustic ridges (Fig. 4). These tower
over the oceanic crust to the south and over a thick (about 2 km) syn-transform basin to the north.
These minor ridges are believed to originate in connection with transform motion, but different
hypothesis can be made about their nature and deformation history. Are these ridges continental or
oceanic, basement or sediments? Did these ridges appeared during the rifting of the Ivorian Basin,
during intracontinental transform faulting or during the continent-ocean transform faulting?

We cannot determine if the syn-transform sediments that infill the basin lying just north (Unit A2
or B?) are similar and contemporaneous to the sediments that make up the minor ridges. A second
question relates to the potential similarity between these lower margin minor ridges and the en
echelon ridges mapped to the west, along the inactive Romanche Fracture Zone. Are these similar
in nature and origin? If so, this indicates that parts of the continental margin basement (and cover)
were tectonically displaced during transform motion (during intracontinental transform contact and
even after).

Tectonic Model for the Evolution of the ICG Margin
From the interpretation of the data discussed above, and according to experimental modelling of the

deformations at rift-transform intersection (Basile et al., 1992), we propose the following
schematic evolution of the ICG Transform Margin (Figs. 5 and 6).
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Initial Setting (Fig. 5)

During Early Cretaceous times, the African and South American continents were in contact along
their equatorial boundaries. The deep Ivorian Basin and the Ghanaian shelf were facing their
Brazilian Margin conjugates, respectively the Barreirinhas Basin and the Piaui-Ceara area.

Early Rifting of the Deep Ivorian Basin (Fig. 5)

According to plate reconstruction and geological field data (Le Pichon and Hayes, 1971; Sibuet and
Mascle, 1978; Rabinowitz and Labrecque, 1979; Doyle et al., 1982; Klitgord and Schouten, 1986;
Popoff, 1988; Scotese et al., 1988; Brunet et al., 1991), opening of the equatorial Atlantic ocean
began during Early Cretaceous time (possibly during the Neocomian). The deep Ivorian Basin was
then initiated as the result of an east-west to east-northeast-west-southwest oriented extension,
generating north-south syntectonic half-grabens and associated tilted block. The sedimentary infill
(syn-rift Unit A1) deposited over the whole basin, was thicker within the half-grabens and along
the future transform margin.

Data from Equanaute dives, as well as comparison with field data from northeast Brazil and the
Benue trough, indicate that the sedimentation was chiefly detrital and probably in a subaerial,
deltaic to lacustrine environment. In the future transform area, detrital sedimentation was probably
greatly influenced by the vicinity of the Brazilian shelf, and was potentially controlled by rapid
subsidence in structures such as pull-apart basins.

Rifting of the Ivorian Basin and the Shearing of its Southern Border (Fig. 6)

As the stretching of the Ivorian Basin crust progressed, the basin deepened and relative shear
motion between the African plate and the South American plate affected its southern border. By
that time, this border evolved as an accommodation zone (Fig. 6), concurrently undergoing vertical
motion between a thinned Ivorian Basin and the stable Brazilian shelf (within the Ivorian Basin this
relative vertical motion increased from east to west following the basin thinning) and an increase in
the intensity of horizontal (transcurrent) motion from west to east.

As expected from this assumed kinematic model, the observed strike-slip and dip-slip motions
respectively decreased and increased from east to west. The first en échelon strike-slip fault zones
were generated at the contact between the rifted basin and its transform boundary. Vertical
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displacement, especially in the western area, was recorded by tilting of the northern slope ridge and
coeval creation of an east-west syn-rift basin perpendicular to north-south extensional structures of
the Ivorian Basin.

In this hypothesis, the accommodation zone activity is necessarily coeval with the syn-rift Unit Al
deposition in both the Ivorian Basin (tilted blocks) and in the transform zone where detrital
sediments coming from the Brazil led to the development of a sedimentary wedge. Furthermore,
the minor ridges were probably created during this time interval.

End of Rifting and Intracontinental Transform Faulting (Fig. 6)

Rifting ceased in the Ivorian Basin when oceanic crust was created along its western edge.
Continental break-up there was recorded by a typical post-rift unconformity and by the deposition
of B unit in the deepest parts of the main depocenters. Before this event, potential block rotation
may have occurred within the deep Ivorian Basin, reworking former extensional features in
anticlinal features and strike-slip lineaments. The reason for such structural inversion is unknown,
but could be related to local kinematic modification during break-up.

Along the southern border of the Ivorian Basin, initiation of the drift stage induced transform-type
displacement between the two continental plates. This event may have been contemporaneous with
deposition of post-rift Unit A2, that is restricted to the transform margin. The deposition of A2 unit
occurred above and along the northern slope of the marginal ridge, and contributed to its
construction.

Before B unit deposition, the transform motion shifted towards the south, to the top of the present
continental slope where the different structural features observed during Equanaute dives (sets of
brittle joints, slaty cleavage, folds and microfolds) are in good agreement with a dextral activation
of N60 major faults.

Continent/Ocean Transform Faulting (Fig. 6)

Final continental parting between West Africa and North-East Brazil brought into contact the Gulf
of Guinea oceanic crust and the continental transform fault, that became, at this time, an active
continental transform margin. The active transform system is thought to be rather located within the
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thin oceanic crust. Differences in depths between the continental border and the oceanic basin could
have led to gravitational sliding, progressively creating the southern slope of the marginal ridge.

Moreover, the contact between hot oceanic lithosphere and colder continental crust should have
induced strong thermal gradients and results in subsequent marginal ridge uplift (Todd and Keen,
1989; Lorenzo and Vera, 1992). Within the Ivorian Basin, coeval sedimentation (D sequence)
recorded such an uplift, while the previous sedimentary units were tilted northwards. This uplift
probably increased up to the passage of the oceanic spreading center. At this stage, the vertical
motion is estimated in the order of 1 km, 20 km north of the continent / ocean boundary. This
uplift is comparable to the thermal uplift estimated and reported by Todd and Keen (1989) for the
southern Newfoundland Transform Margin.

Passive Margin Evolution

Active tectonism of the transform margin ended when the southern spreading center passed south
of the ICG Margin. The transform margin and the adjacent oceanic basin started to subside as a
result of thermal subsidence. Afterwards, the strong damming effect of the marginal ridge
restricted most of the detrital sediment input to the deep Ivorian Basin. The only striking feature
within the subsequent sedimentary cover relates to major Cenozoic lowstand (Oligocene stage,
between E and F units) (Vail and Hardenbol, 1979; Haq et al., 1988). This induced strong
submarine erosion, still imprinted in the present morphology by canyons and wide submarine
valleys.

Alternate Reconstructions

The evolution proposed above explains the built up of the marginal ridge by successive tilting and
sedimentary processes, namely tectonic tilting during the rifting of the Ivorian Basin, thermal tilting
during the continental-oceanic transform faulting, and sedimentary accretion mainly during the
rifting of the Ivorian Basin.

However the relative importance of these phenomena can not be easily determined from the data
available. Moreover, this explanation doesn't take in account other potential mechanisms that can
be tested by drilling, such as 1) the marginal ridge can be uplifted by shearing in a transpressional
setting, as can be deduced from microtectonic features in cores, 2) the marginal ridge can be
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uplifted by block tilting along the transform boundary, like the transverse ridges in the active
oceanic transform faults (in this case, the only expected tectonic feature is the tilting of every
sedimentary structures), 3) the marginal ridge can be a continental block, not thinned by the
opening of the Ivorian Basin, but translated from the west to it southern boundary (in this case, the
deformation is not expected within the block, but only along its borders), 4) the marginal ridge can
result from rotations (about vertical axis) along the transform area, that may explain both the
transtension and transpression features observed along the ridge, respectively eastward and
westward (this hypothesis can be tested by paleomagnetism measurements), or 5) the marginal
ridge can be a sedimentary wedge, resulting only from accumulation of detrital sediments and
modeling by erosional and gravitational processes (in this case, no tectonic deformation is
expected, but typical sedimentary features are expected to be observed in drilling cores).

SCIENTIFIC OBJECTIVES AND METHODOLOGY
Summary of Objectives

1) To determine the exact tectonic and sedimentary processes that are involved in the creation of the
different main morphostructural features generated at ICG Transform Margin, including
formation of the marginal ridge, and the nature and structural deformation of the acoustic
basement underlying the minor ridges generated at the transform boundary.

2) To document the type of deformation (and deformation history) of the ICG Transform Margin
during the successive stages of evolution.

3) To constrain the timing, rate and degree of vertical motion (subsidence and uplift) occurring on
the ICG Transform Margin.

4) To investigate the thermal evolution of the transform margin in relationship to the actively
spreading oceanic crust, including diagenesis within the transform margin and the
heating, hydrothermalism, and possibly magmatism occurring along the transform margin in
response to the vicinity of a spreading center that progressively migrated along and then away
from the transform margin.
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5) To accumulate important data on the history of the oceanic gateway across the Equatorial
Atlantic, and on the sedimentation of specific facies (anoxic sediments) during the opening
phase.

Specific Objectives and Methodology

The main questions to be addressed by the drilled at the three proposed sites IG-1, IG-2, and IG-3
relate to the age, nature and deformation of the sediments and basement, and their vertical
behavior. The final objective is, of course, to describe sedimentary, structural and thermal factors
operative at transform margin. These parameters will permit a precise description of the tectonic
and sedimentary processes involved in creation and evolution of a transform margin, and help to
better constrain the succession of events and thermo-mechanical models.

Timing Controls and Evolution of the Sedimentary Cover

The ages of samples collected on Equanaute ‘92 dives are not yet available. However these dates
will concern only discontinuous sedimentary units that are deeper than those expected at proposed
sites IG-1 and IG-2 on the marginal ridge. No sample is yet available from the minor ridges
(proposed site IG-3). Drilling is essential to provide a continuous sedimentary record, including
the clayey beds (where microfauna and/or pollen are to be expected) that were not sampled during
dives.

The different timing controls expected from drilling holes concern

1) the beginning of extension in the adjacent rifted Ivorian Basin - this will be provided by the
post-rift sediments, Unit A2 and B, at proposed site IG-1,

2) the beginning of oceanic accretion (south of the transform margin), marking the end of tectonic
activity on the margin - this age cannot be obtained directly using the proposed sites, but is
expected to be determined by dating the end of the tectonic activity on the continental margin at
proposed sites IG-1, IG-2, and IG-3,

3) the initiation of strike-slip faulting on the transform margin - such timing can be obtained
directly at proposed site IG-2 and probably IG-3, since both holes are located near a strike-slip
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fault on an assumed sheared block while the time of ending of strike-slip activity is expected
from data at all three proposed sites IG-1, IG-2, and IG-3,

4) the age of A1/A2 unconformity associated with the end of strike-slip faulting and related uplift -
this can be addressed at proposed site 1G-2.

Furthermore, comparisons between the holes will be used to

1) correlate the history of subsidence of the margin (proposed site IG-1), with the main tectonic
events (e.g., extensional rifting, continent-continent transform faulting, continent-ocean
transform faulting, passive transform margin),

2) compare the deformation history of both the rifted basin and of its transform boundary
(proposed sites IG-1 and 1G-2),

3) estimate the diachronism of the estimate sedimentary and tectonic events along the transform
margin (proposed sites IG-1, IG-2, and IG-3).

Evolution of Sedimentation and Diagenesis

Continuous coring at all three proposed sites will also determine

1) the ages and facies of the sedimentary cover, especially the post-rift sedimentary sequences
(Units B to D, proposed site IG-1), necessary to estimate the depth/age curve, i. e. the

subsidence history of the margin,

2) the origin of detrital sediments (Units B to D), derived from either the north (Africa), or from
the south (erosional top of marginal ridge at proposed site IG-1),

3) the origin of onlaps and toplaps of the sedimentary cover detected on the northern ICGMR slope
(proposed site IG-1) and whether they are related to tectonic or isostatic events (uplift or
subsidence of the marginal ridge), or environmental variations (e.g., sedimentation rate,
currents, sea level) in a proximal or distal fan,
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4) the history of sedimentation within the active transform margin, including the dynamic of detrital
sedimentation in a deltaic environment, the origin of the major unconformity and their control by
tectonic processes,

5) diagenesis of detrital sediments in the transform margin, during and after tectonic activity,
paying special attention to the evolution of organic matter in relation to diagenesis,
metamorphism, and heating in the vicinity of the oceanic lithosphere to constrain the thermo-
mechanical model of the margin,

6) the evolution of water depth during marginal ridge formation - this will be addressed near the
top at proposed site IG-1, and along the western extremity of the marginal ridge at proposed site
IG-2; the comparison between the two sites showing if the ridge has been uplifted after
sedimentary deposition,

7) the nature of the bordering minor ridges at proposed site IG-3 will be investigated - if these
ridges are similar to those from within the fossil Romanche Fracture Zone, metasandstones
would be expected and, if this is the case, timing of sedimentation, depositional environment,
dating of metamorphism, and degree of deformation are needed to understand the mechanisms
that have created these lower margin en echelon ridges.

Structural Measurements
Structural analyses is an important part of this drilling program, and should document

1) the type of deformation related to strike-slip faulting at proposed sites IG-1, IG-2, and IG-3 -
according to Equanaute dives, this includes microfolds, fractures, faults and shear zones,

2) paleostresses from small-scale tectonic features at proposed sites IG-1, IG-2, and IG-3 recorded
in structural changes within the transform margin - the relative roles of strike-slip faulting and
gravitational instabilities on the stress field is particularly important in order to evaluate the
influences of those processes on formation of the marginal ridge. [Special attention will be
given to paleostress measurements at proposed site IG-3 where changes in the stress field can
be expected as a consequence of the transition from a transform fault regime to an extensional
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regime related to the oceanic spreading. Furthermore, metamorphism could be expected as a
consequence of large-scale shearing (shear heating) that has probably generated the en échelon
pattern],

3) the importance of gravitational deformation (i. e. syndiagenetic microfaults and slumps) related
to detrital sedimentation (i.e. sedimentary Unit A at proposed sites IG-1 and IG-2 - sedimentary

unit at proposed site IG-1); samples retrieved during the Equanaute dives show syn-
depositional, or syn-diagenetic deformation, that can be due to tectonic instability,

4) the nature and origin of deeper reflectors (our interpretation of the MCS lines implies that the
deep reflectors are unconformities (or sedimentary reflectors), not thrust ramps - this question
can be addressed especially at proposed site IG-2, where the deep reflectors can be alternatively

interpreted as the top of a tilted (extensional) block, or as a basal thrust below an eroded block.

Microtectonic observations, paleostress measurements, tilting history and paleomagnetic controls
will be used together to define the tectonic regime and evolution of the transform margin.

Finally, structural results will be combined with sedimentary data (ages, nature and depths of
deposition) in order to

1) determine the relative interplay of synrift and postrift-syntransform tectonic and sedimentary
processes involved in the formation of a transform margin, and

2) quantify, in time and space, the subsidence and tilting history of each main margin area.

All data are needed to define a thermo-mechanical model for transform margin creation and
evolution, and potentially to compare the results to models developed for oceanic fracture zones.

Paleoenvironment

Proposed site IG-1 should constrain the connection between Central and South Atlantic through the
Equatorial Atlantic based on the sedimentary record. The drilling results should help to determine

1) the age of the gateway (as far back as the Aptian-Albian),
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2) the nature of the gateway (an Atlantic gateway versus a gateway crossing Africa through the
Sahara and the Benue Basin), and

3) the bathymetric evolution.

The same site should help determine the middle (from Aptian-Albian) and upper Cretaceous
paleoenvironmental evolution, constraining

1) the age and nature of the first marine sedimentation,

2) the evolution of paleoenvironments (bathymetry, salinity, oxygenation, surface and bottom
circulation, upwellings) and biofacies (Atlantic or African gateway) during the middle and upper
Cretaceous,

3) the age of open marine environment and communication with the open ocean (possibly from
Albian),

4) the initiation of cold water deep currents originating from the South ("paleo-Benguela Current")
and influence on the productivity and dissolution of carbonates,

5) the probable sampling of an anoxic event (black shales) at the Cenomanian/Turonian boundary,

as a regional event or a global event,

6) the origin of sedimentary onlaps and toplaps along the northern ICGMR slope. Are they due to
tectonic or isostatic events (uplift or subsidence of the marginal ridge), or to environmental
variations (sedimentation rate, currents, sea level) in proximal fans (sediments derived from the
south, i. e. from the marginal ridge) or distal fans (detrital sediments from the north, i. e. the

African coasts), and

7) the record of Cenozoic global events in an area influenced by deep water circulation along the
Romanche Fracture Zone.
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Potential Lithospheric Implications

Available MCS and refraction data suggest that the oceanic crust emplaced at this ridge / transform
intersection was created at a very low magmatic accretion rate, by intrusion of discontinuous
differentiated magmatic bodies within partially serpentinized peridotites. Such mechanisms as well
as serpentinization should have been controlled by faulting.

Unfortunately, the thickness of the sediments precludes reaching the oceanic crust in this area.
However, information on the oceanic crust may be expected from proposed site IG-3, located near
the continent-ocean boundary, including the nature of the minor ridges, involvement of magmatic
rocks near transform fault, and investigation of hydrothermal activity at the intersection of the
accretionary ridge and transform fault

DRILLING PLAN/STRATEGY

Our drilling choice is controlled by the thickness of the sedimentary cover in the Ivorian Basin, on
the marginal ridge and in the adjacent oceanic abyssal plain, and by the need to develop a drilling
program that can be completed during a single ODP leg (Table 1).

Two sites are proposed on the marginal ridge (proposed sites IG-1 and IG-2, Figs. 1 and 5), in
areas where deep targets can be hit with a relatively thin, but continuous, sedimentary cover (1600
and 780 m, respectively). In addition, a shallower hole is proposed on a minor ridge, near the
transition between oceanic fracture zone and continental transform margin (proposed site IG-3,
Figs. 1 and 5).

These three sites represent an east-west, along-strike transect. They should allow us to study the
lateral evolution of the transform margin, from a thick continental crust to a thinned crust. Because
proposed site IG-3 is closer to the continent-ocean boundary, comparison with proposed sites
IG-1, IG-2 should illustrate the change in tectonic effects as we move across the continent-ocean
boundary toward the oceanic crust.

PROPOSED SITES

Proposed site IG-1 is dedicated to study of the northern slope of the ICG Marginal Ridge and of its
unreformed sedimentary cover. Complementing the deepest sediments retrieved during the
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Equanaute submersible dives, a hole drilled at this site will document the entire sedimentary
column covering the transform margin, including 1) units coeval with the Ivorian rifting, 2) units
subsequent to rifting (but contemporaneous with transform faulting), 3) units posterior to
transform faulting (but contemporaneous with thermal uplift), and finally 4) the sedimentary units
covering the passive margin after the end of transform faulting.

Information obtained from this site should also constrain 1) the formation and subsidence of the
fossil marginal ridge, 2) the style, intensity, and timing of the strike-slip deformation, 3) the timing
and nature of rotation about vertical and horizontal axis, and 4) the age and nature of the first
marine sediments related to the opening of the Equatorial Atlantic gateway.

Proposed site IG-2 is dedicated to the study of the western extremity of the ICG Marginal Ridge.
In this area, the unreformed sedimentary cover is thin, but incomplete (sedimentary Units B, C and
E are missing). However the available post-rift cover could allow a comparison between the
subsidence of the two sectors of the marginal ridge, proposed site IG-1 (on the eastern side) versus
proposed site IG-2 (western extremity near oceanic crust).

The main goal of the proposed IG-2 site is to drill the top of a tilted block that may have undergone
extension, strike-slip movements, and potential structural inversion. Information on the style,
intensity and timing of deformation are necessary to understand the creation of this part of the
marginal ridge.

Paleomagnetic studies within the syn-transform sediments will be used to investigate possible
block rotations about a vertical axis.

Finally, the diagenesis and possible metamorphism of the syn-transform sediments can be used to
constrain the P-T field, associated with transform shearing and the post-transform heating due to
proximity of adjacent oceanic crust.

Proposed site IG-3 is devoted to the study of one of the en echelon minor ridges that characterize
the westernmost transform margin, near its junction with the fossil Romanche Fracture Zone. In
this area, the lower margin ridges have possibly experienced two transform related events -
transform motion within an intracontinental transform fault and transform motion within a
continent-ocean transform fault.
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The nature of basement (deformed sediments, continental basement, oceanic basement?) of these
minor ridges is the main target of drilling at this site and the type of deformation that has generated
the en échelon pattern would also be determined from microstructural analysis.

Structural observations will be used to establish the two successive transform events
(intracontinental and continent-ocean) and, finally, hydrothermal activity and/or heating processes
of the minor ridge sediments and/or basement are expected due to the vicinity of the oceanic
lithosphere.

A proposed alternate site IG-1bis is located on the northern slope of the marginal ridge about 2 nmi
south of proposed site IG-1. The site is dedicated to the study of the same major topics but cannot
document the entire sedimentary column since seismic units are pinching out against the A2 and Al
units. However proposed site IG-1bis may permit penetration deeper into basal ridge units. This
site is proposed as an alternate to reduce drilling time operations, if necessary. The site, based on a
800 m penetration (single bit hole) may become a reentry hole in order to document deeper
sequences A1-A2.

Proposed site IG-2bis is an alternate for proposed site IG-2. It is located at the intersection of
single channel line 35 and MCS line MT 05, on the top of a small tilted block on the western ICG
Marginal Ridge. The main objectives at this site are to document style, intensity and timing of
deformation undergone by this part of the marginal ridge close from the ocean-continent boundary.
Penetration at this site is planned at approximately 800 m to document mostly Al and A2 units; the
unreformed sedimentary cover is incomplete and about 300 m thick.
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Figure 1. Geodynamic, geological and bathymetric framework of the ICG Transform Margin.

1A: Fracture zones in the equatorial Atlantic and associated continental margins (modified from Gorini, 1977).

1B: Structural sketch of the ICG continental margin and the different continent-ocean transitions observed. Shaded

transform margins including the ICG Marginal Ridge. The "V" indicates oceanic crust, older west of the

Ivorian Basin than southward in the Gulf of Guinea.

1C: Bathymetry (contour interval, 500 m) and main morphostructural domains of the ICG Transform Margin. The

dots show location of proposed bore-holes, the triangle the location of hole IVCO2.
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Figure 2. Schematic diagram illustrating the main stages in the evolution of a rift-transform margin. (1)
divergence, (2) and (3) transform motion between respectively continental and oceanic crust, (4) normal continental
crust, (5) thinned continental crust, (6) oceanic crust, (7) ridge axis, and (8) marginal ridge.
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Figure 3. Relationship between the sedimentary units in the Ivorian Basin and marginal ridge.
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Figure 5. Kinematic evolution of the southern border of the deep Ivorian Basin during opening (view from the
north). The South American Plate (Brazil) is supposed to be fixed. Arrows show horizontal (strike-slip) and vertical
(dip-slip) relative motions between the steady plate and the moving African Plate. 0 indicates no motion.
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Figure 6. Four stages of the formation of the ICG Margin. Views from the WNW. In (A), the shaded area shows
the north-south and east-west synrift basins (in the deep Ivorian Basin and along the marginal ridge, respectively) and
the white arrows in the accommodation zone show the relative horizontal motion. In (B) and (C), the shaded belt
shows the transform fault.
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TABLE 1

PROPOSED SITE INFORMATION
and
DRILLING STRATEGY

SITE: IG-1 PRIORITY: POSITION: 3°37.6'N, 2°44.1'W
WATER DEPTH: 2100m SEDIMENT THICKNESS: 1600m TOTAL PENETRATION: 1600m
SEISMIC COVERAGE: MCS line MT2 and SCS line 10 (Equamarge, 1988)

Objectives: To drill the post-tectonic sedimentary cover (Units C to F), the early post-rift (and syn-transform)
sedimentary Units B and A2, in order to elucidate deformation history, vertical movements, and sedimentary evolution
of the marginal ridge.

Drilling Program: Multiple bit and reentry.

Logging and Downhole Operations: FMS, seismo-stratigraphic and geochemical tools.

Nature of Rock Anticipated: Post-rift clays, marls, and siltstones and syn-rift sandstones and indurated shales.

OR

SITE: IG-1bis PRIORITY: POSITION: 3°35.3'N, 2°43.9'W
WATER DEPTH: 2062m SEDIMENT THICKNESS: 780m TOTAL PENETRATION: 780m
SEISMIC COVERAGE: MCS lines MT2 and MTS5.

Objectives: To drill the post-tectonic sedimentary cover (Units C to F), the early post-rift (and syn-transform)
sedimentary Units B and A2, in order to elucidate deformation history, vertical movements, and sedimentary evolution
of the marginal ridge.

Drilling Program: Multiple bit and reentry.

Logging and Downhole Operations: FMS, seismo-stratigraphic and geochemical tools.

Nature of Rock Anticipated: Post-rift clays, marls, and siltstones and syn-rift sandstones and indurated shales.
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SITE: IG-2 PRIORITY: POSITION: 3°26.5'N, 3°03.6'W
WATER DEPTH: 3338m SEDIMENT THICKNESS: 780m TOTAL PENETRATION: 780m
SEISMIC COVERAGE: MCS line MT5 and SCS line 24 (Equamarge, 1988)

Objectives: To investigate the diagenesis and strike-slip deformation of syn-rift Units Al and A2, the nature of
dipping reflectors (sedimentary layers, unconformity, thrust fault?), the subsidence of the marginal basin, and syn-rift
or syn-transform faulting.

Drilling Program: Single bit coring.

Logging and Downhole Operations: FMS, seismo-stratigraphic and geochemical tools.

Nature of Rock Anticipated: Oozes, sandstones, and shales

OR

SITE: IG-2bis PRIORITY: POSITION: 3°18.1'N, 3°22.9'W
WATER DEPTH: 4500m SEDIMENT THICKNESS: 800m TOTAL PENETRATION: 800m
SEISMIC COVERAGE: MCS line MT5 and SCS line 35 (Equamarge, 1988)

Objectives: To investigate the diagenesis and strike-slip deformation of syn-rift Units Al and A2, the nature of
dipping reflectors (sedimentary layers, unconformity, thrust fault?), the subsidence of the marginal basin, and syn-rift
or syn-transform faulting.

Drilling Program: Single bit coring.

Logging and Downhole Operations: FMS, seismo-stratigraphic and geochemical tools.

Nature of Rock Anticipated: Oozes, sandstones, and shales.

SITE: 1G-3 PRIORITY: POSITION: 3°15.4N, 3°11.1'W
WATER DEPTH: 4650m SEDIMENT THICKNESS: 550-700m TOTAL PENETRATION: 700m
SEISMIC COVERAGE: MCS line MT1 and SCS lines 28 and 37 (Equamarge, 1988)

Objectives: To investigate the lithology, nature, deformation history and metamorphism of the acoustic basement
of the minor ridges along strike of a transform margin, near its junction with an extinct fracture zone and to
investigate hydrothermalism and thermal effects of the adjacent oceanic crust.

Drilling Program: Single bit coring

Logging and Downhole Operations: FMS, seismo-stratigraphic and geochemical tools.

Nature of Rock Anticipated: Oozes, clays, and metasediments and 0-150 m of continental gneiss or magmatic
basalt.
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ABSTRACT

Leg 161 represents the first in a two-leg program to investigate the tectonic and paleoceanographic
history of the Mediterranean Sea and focuses upon the processes associated with accretion at
incipient continental collision on a salt-bearing accretionary complex, and the origin of sapropels,
laminated organic-rich layers deposited in the eastern Mediterranean Basin. To achieve the tectonic
objectives of identifying the incoming sediment, rates of outward growth and uplift of the
deformation front, and the influence of the Messinian evaporites on the interstitial fluid circulation,
drilling will be conducted in zones of terminal subduction at near-orthogonal and low-angle plate
convergence, and of initial continental collision where the deformed sediments of the Mediterranean
Ridge override the African continental slope. Drilling on the Napoli mud volcano on the crest of the
ridge will provide insight into diapiric processes while a transect of sites from the top of the
Eratosthenes Seamount to the Cyprus Margin will identify the tectonic phases that led to the present
structure of the seamount.

Sapropels are deposited in a rhythmic fashion unrelated to global glacial-interglacial cycles but driven
by distinctive changes in physical circulation and biogeochemical cycling possibly related to
precession-induced fluctuations of monsoonal atmospheric circulation. One hypothesis for their
origin postulates that the deeper water column went anoxic during their formation, fostering
preservation of organic carbon at the sea floor. A second hypothesis favors increased primary
productivity as the ultimate stimulus through increased rates of carbon flux to the sea floor.
Variations in sediment texture, dilution, and the settling flux of carbon exert a dominant control on
the carbon contents of sediments and water column redox conditions may play only a secondary role
(Pedersen and Calvert, 1990). Recent evidence that the early-Holocene sapropel found in the Black
Sea, the "type" euxinic basin in the stagnation/anoxia hypothesis, has accumulated under well-
ventilated conditions, appears to underscore the importance of productivity over anoxia.
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INTRODUCTION
Tectonics of the Eastern Mediterranean

This leg represents the first phase of a drilling program to investigate the collisional margin of the
eastern Mediterranean. This current program of shallow-drilling addresses the fundamental
processes associated with accretion during incipient continental collision on a salt-bearing
accretionary complex through a number transects along the entire collisional margin. (Fig. 1A).

Continental collision is the final stage of the opening and closing of an oceanic basin. The eastern
Mediterranean is a unique example of closure of an ocean basin, the Mesozoic Tethys, namely
Mesogea (Biju-Duval et al., 1978; Boccaletti, 1979; Dewey and Sengor, 1979; Le Pichon, 1982;
Dewey et al., 1986). The transition between the remnants of a thick Mesozoic oceanic crust,
located in the Jonian Basin (de Voogd et al. 1992) and perhaps in the Levantine Basin (Garfunkel
and Derin, 1984), and the African continental margin enters the Aegean Subduction Zone (Dewey et
al., 1973; MacKenzie, 1978). A large accretionary complex, the Mediterranean Ridge (Kastens
1991; Kastens et al., in press), formed in a complicated setting of alternating zones of continental
collision, the Pelagian Promontory, the Cyrenaica Promontory and the Eratosthenes Seamount (Nur
and Ben Avraham, 1978; Kempler and Ben-Avraham, 1987; Robertson et al., 1991), and terminal
subduction (Fig. 1A).

Consumption of an oceanic basin implies that lateral heterogeneities in the incoming lithospheric
plate (seamounts, fracture zones, basement ridges, the mid-ocean ridge) progressively reach the
trench and interact with the structure of the convergent continental margin, causing a complex style
of deformation of the offscraped sediments (e.g., Tonga Kermadec Trench, New Hebrides, Japan,
and Peru convergent margins) and changes in the uplift rates and thermal regime of the accretionary
complex (e.g., Aleutian margin, Chile Ridge, and Pacific margin of the Antarctic Peninsula).
Examples of these cases are rather frequent in the present day narrowing oceanic basins.

There are very few places on Earth where the ocean-continent crustal transition at a passive
continental margin approaches the subduction zone; two of these are the eastern Indonesian Arc and
the eastern Mediterranean Sea, both belonging to the same "collisional-type" orogenic belt (Alpine-
Himalayan), in contrast to the "cordilleran-type" orogenic belts. The two zones of continental
collision bear some similarities. A large continental plate (Australia and Africa, respectively)
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collided with a continental block in approximately north-south direction and a thick pile of
sediments, as old as Mesozoic, is being deformed at the collisional margin (Timor/Sumba Ridges
and Mediterranean Ridge, respectively); lateral transition between continental and oceanic crust
occurs in the collisional area (Argo Abyssal Plain and Ionian/Herodotus Abyssal Plains,
respectively). The processes of collisional deformation are in a more advanced stage in the Indian
Ocean (e.g., the accretionary complex has emerged at Timor) while, in the eastern Mediterranean, a
wide spectrum of collisional settings is present, including incipient collision, due to the very
irregular shape of the eastern Mediterranean convergent margin.

The Origin of Sapropels

Depositional sequences retrieved in sediment cores from the eastern Mediterranean and exposed on
land in Neogene sections in southern Italy, Sicily, and Crete have revealed the existence of
numerous dark to black colored layers which are intercalated in "normal" hemipelagic sediments.
These layers are enriched in organic carbon and often laminated, and are referred to as sapropels.
Sapropels are believed to be deposits characteristic for restricted basins of marginal seas, a
contention which has been supported by ODP Legs 127 and 128 which discovered numerous
alternating layers of "normal" pelagic oozes and laminated organic-rich sections in Miocene through
Holocene sediments of the Japan Sea (Cramp and Lewis, 1992; Follmi et al., 1992; Tada et al.,
1992). However, laminated organic-rich sediments have recently also been found during ODP Leg
138 in the eastern equatorial Pacific (Kemp and Baldauf, 1993) i.e., in an open-ocean environment.
In all cases it seems that the deposition of organic-rich sediments occurred in response to unusual,
very distinctive changes of the regional water mass circulation and marine chemical cycling.

According to traditional models laminated organic-rich facies accumulates under stagnant, anoxic
conditions as was originally proposed by Kullenberg (1952) and later by Olausson (1961). This
thinking model was based on the supposition that organic matter is more amendable to oxic as
compared to anoxic degradation, leading to the conclusion that organic carbon preservation should
be greatly enhanced during oceanic anoxia. Laminated organic-rich facies is found throughout the
Black Sea which is considered the type-euxinic basin with little or no oxygen at depth, thus also
supporting the axiomatic association between laminated organic-rich sediments and anoxic deep-
water conditions. The absence of benthic foraminifera in most sapropels is further used as a strong
indication for bottom water anoxia.
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However, the tenet that the deposition of organic-rich sediments is primarily a function of deep
water anoxia is open to question. For instance, it is well documented that the accumulation of
organic carbon at coastal upwelling sites throughout the world ocean varied by up to one order of
magnitude during glacial-interglacial times even though the organic-rich sediments at these sites
accumulate in dynamic flow regimes of local bottom currents where bottom waters are neither
anoxic nor stagnant (e.g., Calvert and Price, 1983; Reimers and Suess, 1983; Pedersen, 1983;
Miiller et al., 1983; Morris et al., 1984; Sarnthein et al., 1988; Zahn and Pedersen, 1991; Sancetta
et al., 1992). Furthermore, the early-Holocene sapropels found in Black Sea sediment cores have
conceivably accumulated under well-oxygenated conditions as is implied by the distribution of
manganese, iodine and bromine in these sediments (Calvert, 1990). A systematic reevaluation of
published data suggests that organic carbon levels in marine sediments are primarily a function of
sediment texture, dilution and carbon flux, rather than of water column oxygen levels (Pedersen
and Calvert, 1990). Thus, these studies are now calling attention to biological productivity
combined with distinctive changes in physical water mass circulation as important controls of the
formation of organic-rich, sapropelic deposits.

The Mediterranean sapropels represent paleoceanographic windows through which we may study,
in great detail, key processes which lead to the burial and preservation of carbon at the sea floor in
relation to marine chemical cycling and physical water mass circulation. During Leg 161 (Fig. 1B),
we will undertake a systematic stable isotope, geochemical and micropaleontological survey of the
Mediterranean sapropels in a concerted program using stable isotope stratigraphy and
paleoceanography (foraminiferal 5180 and §13C), geochemical oxygen, nutrient and productivity
tracers (Ba, Br, Cd, I, Mn), carbon source biomarkers (long-chain alkenones, dinosterol, plantwax

lipids, 813Corg, 8!5Nyg), and microfaunal assemblage analysis.

The timing of the eastern Mediterranean sapropel events apparently correlates with maxima of the
precession-related monsoonal index (Rossignol-Strick, 1983; Hilgen, 1991). To examine this
apparent correlation, we will investigate the influence of the long-term development of monsoonal
circulation over the Indian Ocean on the formation of the Mediterranean sapropels as far back as the
Miocene when the monsoonal circulation evolved in response to the tectonic uplift of the Himalayas
and the Tibetan Plateau.
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STUDY AREA
Regional Framework

The Mediterranean Ridge is a 1300-km-long, 300- to 150-km-wide arcuate submerged relief (Fig.
1A). To the southeast and southwest of the ridge, narrow abyssal plains (Ionian, Sirte, and
Herodotus) separate the deformation front from the African continental slope. South of the central
section of the ridge, the folded sediments of the deformation front lean directly against the African
continental slope of the Cyrenaica Peninsula. North of the ridge is a complex system of deep
trenches, on average deeper than the southern abyssal plains, called the Hellenic Trench System.
The minimum water depth on the ridge crest is around 1200 m. The maximum depth in the Hellenic
Trench is 5100 m , and the depths of the outer abyssal plains are between 4150 and 3200 m,
shallowing toward the Nile deep-sea fan. The topography of the ridge is characterized by the
alternation of small rimmed basins and ridges oriented roughly parallel to the deformation front
which produces a hummocky acoustic reflection (cobblestone topography of Emery in Hersey,
1965).

Convergence in the eastern Mediterranean is produced by the relative plate motion among Africa,
Eurasia, and the Aegean microplate. According to kinematic analysis (Le Pichon and Angelier,
1979; Jongsma et al., 1987), subduction is near-orthogonal in a northeast direction in the Ionian
Basin, at low-angle in the western Levantine Basin (prevailing left-lateral strike slip), and again
near orthogonal in the easternmost Levantine Basin (Cyprus Arc).

Crustal thickness of the incoming plate indicates that southwest and southeast of the Mediterranean
Ridge, oceanic or thinned continental crust exists, while crustal thickening occurs under the
Mediterranean Ridge and the Hellenic Trench system (Rabinowitz and Ryan, 1970; Woodside and
Bowin, 1970; Finetti, 1976; Makris, 1977; Giese et al., 1982; Makris et al., 1983; Makris and
Stobbe, 1984; Underhill, 1989; deVoogd et al., 1992; and Hipkins et al., submitted). The crust is
thicker between the Cyrenaica Promontory and Crete Island (the narrower segment of the eastern
Mediterranean with no abyssal plain seaward of the deformation front) where continental collision
occurs. North of the Hellenic Trench System, are the non-volcanic arc of Crete (continental crust)
and the Aegean back arc basin (Horvath and Berckhemer, 1982) in which andesitic volcanism has
developed (Fytikas et al., 1984). The horizontal component of the gravity vector (Brennecke and
Lelgemann, 1986) clearly evidences the horizontal heterogeneities in the mass distribution of depth
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related to the continental convergence. The seismological evidence of the African-Eurasian plate
boundary in the eastern Mediterranean is located along the Hellenic Trench System, where a broad
zone of intermediate depth earthquakes (not exceeding the depth of 200 km) roughly delineate a
generally northward dipping subducting lithospheric slab (Wortel et al., 1990). The biggest
uncertainty in the Hellenic subduction zone concerns the age of onset of subduction, which has
been estimated in the range between 5 Ma (McKenzie, 1978; Kissel and Lay, 1988) and about 100
Ma (Wortel et al., 1990).

The accretionary nature of the Mediterranean Ridge has been defined through gradual recognition of
the compressional tectonics which moved the ridge from the role of Outer Swell to that of
Accretionary Complex. Offscraping of sediments from the African plate must be older than 33 Ma
(Kastens, 1991) and occurs with development of two deformation fronts with opposite vergence
(Fig. 2). The Outer Deformation Front is located along the abrupt morphologic change between the
flat abyssal plains and the rough topography of the ridge, and provides generally southward
vergence of tectonic structures. The Inner Deformation Front is located along the escarpment that
delimits to the north the ridge crestal plateau, and provides generally northward vergence and wide
spread evidence of mud diapirism. The Inner Deformation Front causes the deformed sediments of
the Mediterranean Ridge to thrust over the rather flat and undeformed continental plateau (Inner
Plateau ) where a Messinian sedimentary depocenter provides the evidence of an ancient fore-arc
basin (Camerlenghi et al., in preparation).

Reliable and accurate temperature measurements were taken at DSDP Sites 374 (Ionian Abyssal
Plain, seaward of the Western Deformation Front of the Mediterranean Ridge), 376 (Florence Rise,
Cyprus Arc), and 378 (Southern Aegean Sea) (Erickson and von Herzen, 1978). The low heat flow
obtained from Sites 374 and 376 (33.5 mWm-2 and 39.4 mWm-2, respectively) and from the other
conventional measurements available in the area provide a valuable constraint to the regional thermal
regime of the eastern Mediterranean. The few heat flow measurements located on the Mediterranean
Ridge show, on average, values lower that 30 mWm-2 that could be caused by widespread
downward flux of seawater in the sediments overlying the evaporites. Local positive anomalies,
however, can be expected where fluid expulsion or mud diapirism occur (e.g., Barbados Ridge).
Heat-flow measurements in the drill holes across the eastern Mediterranean area may thus provide
valuable in reconstructing fluid paths within the accretionary complex.
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Frontal Deformation

The style of initial deformation of the sediments on the outer edge of the Mediterranean Ridge is
different in the three different settings which are related to the angle of plate convergence.

Ionian Deformation

The deformation front (Fig. 3) is defined by the sudden change from the flat and layered reflections
of the Ionian Abyssal Plain to the hyperbolic patterns produced by the "cobblestone topography" of
the Mediterranean Ridge. A 10.5-km-long, 310-m-high seahill strongly oriented in southwest-
northeast direction (about 45° with respect to the regional trend of the Mediterranean Ridge) is
located a few kilometers seaward of the deformation front (Victor Hensen Seahill, Hieke, 1978). It
is the highest part of the Victor Hensen Structure which can be traced in the subbottom over 60 km
in a southwest-northeast direction.

Recently acquired MCS lines (Cruise Valdivia 120 MEDRAC, 1992) provide evidence of several
elongated structures indicating intense pre-Messinian tectonic activity under the Ionian Abyssal
Plain, seaward of the Ionian Deformation Front. The structures are elevated from a sequence of
partly tilted pre-Messinian sediments. However, the tops of the elongated structures are sometimes
free of evaporites. At this stage of the data processing, the style of deformation can be either
indicative of extensional block-faulting or of faulted and thrusted anticlines separated by tilted
piggy-back basins.

Since Messinian evaporites and overlying P-Q turbidites show less evidence of deformation, the
main part of the tectonic phase that produced these structures must be, at the latest, of Messinian
age (about 5 Ma). However, the deformation continued during the Pliocene-Quaternary with
synsedimentary extensional faulting (Avedik and Hieke, 1981; Hieke and Wanninger, 1985; Hieke,
in preparation).

The Victor Hensen Structure interacts with the present day deformation front, indicating that a
complicated pattern of varying lithologies and thickness of sediments become incorporated in the
Mediterranean Ridge accretionary complex. The styles of initial deformation are thus expected to be
correspondingly different.
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The proposed transect of shallow holes is intended to sample the incoming sediment section
overlying the buried Victor Hensen Structure in the abyssal plain and the post-Messinian deformed
sediment of the ridge.

Mud Diapirism

Mud diapirism on the Mediterranean Ridge has been recently identified through high resolution
seismic reflection profiles and gravity coring (Cita et al., 1989; Camerlenghi et al., 1992) ina
narrow area of the northern edge of the "upper plateau’, the flat crestal area of the ridge, although at
present there are no multibeam bathymetric, side scan sonar, and deep-towed camera data to
describe the phenomenon. Extensive Mark 2 Gloria surveys of the Mediterranean Ridge (Kenyon et
al., 1982) outlined the presence on the central crestal area of the Mediterranean Ridge of numerous
tectonic trends with relief up to 130 m, but these were interpreted as outcrops of thrusts. We now
correlate that evidence to mud diapirism.

There is indirect (seismic only) evidence of mud diapirism also on the escarpment (northern
boundary of the 'Upper Plateau') and in the 'Inner Plateau’, a flat floored, undeformed sedimentary
basin located between the crest of the Mediterranean Ridge and the Hellenic Trench. The seismic
and morphological evidence of northward vergent thrusting and the occurrence of mud diapirism
associated to the escarpment suggest that this is in fact an active deformation front with arcward
vergence (Camerlenghi et al., in prep.).

Both mud diapirs and mud volcanoes have been identified on the Mediterranean Ridge. For the first
time in the study of mud diapirism, several cores have been taken on the domes in order to analyze
the diapiric material in terms of lithology, sedimentology, micropaleontological content,
geochemistry and geotechnical properties (Camerlenghi, 1990). Heat flow measurements, taken in
the area of the mud diapir fields (Pellis, pers. comm.; Cruise Report BAN-89), returned evidence
that the diapiric material is a grey clay- and silt-sized, matrix-supported breccia with centimeter-size
subrounded clasts of semi-indurated sediment, that the age of the source formation is Oligocene-
Neogene (Cretaceous age has been documented for the westernmost diapiric field according to Cita
et al., 1981), and that the clay mineral composition of the diapiric material reflects the Nile sediment
composition, with stronger affinity (high smectite content) in the easternmost fields (closer to the
Nile cone); higher illite/smectite ratio found in the "Napoli" mud volcano can be tentatively
explained by dehydration of smectite. Sedimentary structures and textures permitted identification

156



....Leg 161 - Mediterranean Sea I...

of reworked mud flow deposits, mud lake deposits, and 'primitive' (intrusive) diapiric material.
Gas-escape sedimentary structures are common and a strong salinity gradient has been found in the
pore fluids of the 'Napoli' mud volcano, suggesting interaction of the diapiric material with the
Messinian evaporites during the ascent to the surface.The diapiric material displays lower porosity
than the hemipelagic surface host sediments and consolidate like a remolded specimen. Calculations
on the depth of provenance of the diapirs, based on hydrostatic equilibrium between the diapiric
mass and the surrounding host sediments, indicates a minimum depth ranging between 600 and
1000 mbsf (Fig. 4), and both thermogenic and biogenic methane has been detected in the pore
fluids of the diapiric material. The geothermal gradient obtained from the heat flow measured in the
diapiric area (20-30 °Ckm-! and 12-30 mWm-2, respectively) suggests that the 75°C isotherm, the
temperature generally assumed for cessation of methanogenic bacterial activity (Fuex, 1977), will
be found between 2.0 and 3.1 km below seafloor. Many of these conclusions, supported by
seismic evidence, clearly indicate that the diapirs come from below the Messinian evaporites.

Although the information provided by the mud diapirs on the lithological composition of the pre-
evaporitic strata are scarce due to their chaotic internal structures (they can be described as
sedimentary mélanges), the composition of the pore fluids of the diapiric material may provide
useful information on the deep fluid composition of the Mediterranean Ridge accretionary complex.

The Eratosthenes Seamount

The Eratosthenes Seamount, the most prominent bathymetric feature between the Nile Cone and
Cyprus, is an elevated structure surrounded by a deep moat, which rises to more than 1500 m
above its surroundings. The seamount forms the highest part of a much larger structural high
interpreted as a partly volcanic construction over a continental block, which was stranded in the
Levant Basin following Early Mesozoic Neo-Tethys rifting (Kempler and Garfunkel, in press).
This interpretation agrees with past studies, which indicated that the crust beneath the Eratosthenes
is continental, comparable with that of Cyprus and Israel (Makris et al., 1983). The seamount is
also associated with a big positive magnetic anomaly, caused by a bigger and deeper-located
structure (Ben-Avraham et al., 1976). Attached to the African Plate since Early Mesozoic times, the
Eratosthenes Structural High witnessed the opening and the closure of the Neo-Tethys Ocean, and
the evolution of the eastern Mediterranean Sea throughout its geologic history. The seamount
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recorded, by superposition of a number of structural elements, the different phases of this evolution
(Kempler and Garfunkel, in prep.).

A quadrilateral graben, delimited by steep fault scarps that probably originated as Miocene strike-
slip faults, is superimposed on the Eratosthenes Structural High. Downfaulting of the central area
of this graben through post-Messinian reactivation of the steep faults in a vertical sense, produces
the moat around the topographic high (Kempler and Garfunkel, in press). Messinian evaporites
pinch out outside the graben and seem to be absent in the graben and on the seamount, indicating
that the Eratosthenes was a well expressed physiographic feature in Messinian times, its peak (the
present seamount) more than 1500 m higher than the top of the evaporites strata. However, this
argument is based only on the interpretation of multichannel seismic reflection profiles, and is
therefore a working hypothesis. The proposed drill sites on the Eratosthenes Seamount will reach
rock units which may be suspected as non-evaporite equivalents of the Messinian unit, or evidence
for subaerial erosion related to the Messinian desiccation and sea-level drop. A thorough
identification of these units is important not only for a better understanding of the Messinian event,
but because they are probably the best reference marker in the Neogene sedimentary sequence of the
Mediterranean. Moreover, the non-deposition of Messinian evaporites on the Eratosthenes
Seamount results in the absence of halokinesis, which has distorted the overlaying sediments
elsewhere in the eastern Mediterranean. Therefore we expect to drill a non-interrupted Plio-
Pleistocene series.

The relatively flat summit of the seamount is delimited by scarps of normal faults that form a series
of terraces around the summit. We presume that the rock units which form the Eratosthenes summit
have recorded sea-level fluctuations, changes in intermediate water-mass levels, and evidence for
tectonic and seismic activity since the Cretaceous. Therefore these strata thoroughly represent the
paleosedimentology, paleoceanography, and tectonic events in the eastern Mediterranean.
Moreover, the Eratosthenes summit seems to be unaffected by high-rate deposition of Nile-derived
sediments and their blurring effect; therefore, its sedimentary cover is thinner than the Plio-
Pleistocene sedimentary sequence elsewhere in the eastern Mediterranean. This reduced thickness
of the sedimentary cover guarantees efficient drilling. The smooth topography indicates that
slumping was not significant here. Unconformities in the sedimentary record on the Eratosthenes
summit may therefore be attributed to regional phenomena rather than local disruptions.
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Due to its mid-water and geographically central location, the sedimentary cover of the Eratosthenes
is expected to be especially sensitive to Plio-Pleistocene anoxic events. Sapropels deposited under
anoxic conditions would show up as changes in color and organic carbon content, reflecting
changing chemistry and water circulation changes. Biostratigraphic components should be
particularly good indicators of anoxia from mass mortality of benthic life, to modification of
planktonic assemblages of foraminifera, calcareous nannoplankton, and diatoms. Interpretations
derived from these biostratigraphic indicators should document changes in surface-water
circulation. These changes could be attributed to various causes, such as drop in surface water
productivity in response to an influx of fluvial and/or melt water into the Mediterranean by
monsoonal activity or melting of glaciers, or surface water modifications derived from upwelling,
related to periodic overturning of the anoxic basin. The proximity of the Nile is particularly
advantageous to testing the hypothesis of monsoonal control as the cause of the regional anoxia via
increased fluvial discharge from the Nile.

Intensive diffusive exchange of many elements occurs at the water-sediment interface, and clays are
notably reactive. The alkalinity/chlorinity ratio of the interstitial water of Quaternary sediments is
much higher than that of the present Mediterranean water (Emelyanov and Shimkus, 1986).
Considerable fluctuations in this ratio reflect not only different intensities of sulphate reduction, but
indicate carbonate precipitation as well, and contribute to the reconstruction of the environmental
physicochemical conditions in the eastern Mediterranean.

The Eratosthenes summit today lies in the Levantine Intermediate Watermass, where bottom current
erosion should be insignificant (Wust, 1961). Therefore, the summit sediments should be sensitive
to changes in the position of this watermass over time, especially over the past few million years,
since the Mediterranean Sea evolved to have only a western outlet to the world ocean system at
Gibraltar.

Circulation and Water Mass Distribution in the Mediterranean Sea
The Mediterranean'’s physical circulation is mainly driven by the surface wind field and modulated
by its complex bottom topography. Its principal features resemble those of an open-ocean sub-basin

(100-km-scale) and mesoscale (10-km-scale) eddy circulation which is driven by seasonal winds
and thermohaline gradients. This circulation pattern defines the distribution of nutrients in the
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Mediterranean, which tend to be highest in the western basin and lowest in the eastern basin (Fig.
5), thus leading to inter-basin differences in primary production.

In the present situation evaporation exceeds precipitation and river runoff, the negative water
balance being compensated by the inflow of Atlantic waters through the Strait of Gibraltar.
Inflowing Atlantic waters are nutrient-enriched, warmer (15°C), and less saline (36.3%0) compared
to the outflowing deeper water masses (13°C, 38.2%o). Inflowing Atlantic waters affect the
circulation of the entire Mediterranean basin in that they generate cyclonic gyres in the Balearic and
Tyrrhenian Seas. Atlantic water is transported into the eastern Mediterranean Basin by way of the
North African Current which flows along the African coast and passes through the Sicily Channel.
Once they have reached the far eastern parts of the eastern basin, evaporation is high enough to
increase surface salinities to an extent that convection of the surface water to greater depth occurs.
This way, Levantine Intermediate Water is formed which flows westward into the western
Mediterranean and further through the Strait of Gibraltar into the Gulf of Cadiz and North Atlantic.
Bottom waters are also generated in the eastern basin; they are restricted in areal extent to the eastern
basin since the shallow topography of the Sicily Channel prevents any exchange of abyssal water
masses between the eastern and western basins.

Besides their influence on the Mediterranean's physical circulation, inflowing Atlantic waters also
define the biogeochemical and physical inventory of the upper layer (50 m) which drives the
primary production in the Mediterranean and controls the flux of biologically-cycled constituents to
the seafloor and into the sediments. The close connection between the Mediterranean's general
circulation and the asymmetric distribution of trophic levels between its western and eastern basins
points to the importance of understanding the past variability of the Mediterranean's physical
oceanography as a whole so as to unravel the origin of sapropel formation in the east. In particular,
inversions of the evaporation-precipitation balance could have resulted in the development of a
much stronger pycnocline and altered the physical circulation throughout the Mediterranean. This
could ultimately have increased the rates of primary production in some areas, thus altering the
Mediterranean's gross nutrient budget. Understanding the Mediterranean's past circulation plays
therefore a fundamental role in determining the origin of sapropels.

Sapropel formation occurred basin-wide within the eastern Mediterranean throughout Miocene-
Pliocene-Pleistocene times. Correlation with standard oxygen isotope stratigraphy provides an
excellent framework to evaluate the occurrence of the late Pleistocene sapropels with respect to the
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state of global climate (Fig. 6A). Apparently, sapropels formed rather unsystematically during full-
glacial stages (sapropels S6, S12), full-interglacial stages (sapropels S8, S10, S11), and during
interstadial stages (e.g., Vergnaud-Grazzini et al., 1977; Cita et al., 1977).

A more systematic correlation has been obtained between the distribution of sapropels and maxima
of the so-called orbital insolation monsoon index (Rossignol-Strick, 1983) (Fig. 6B). Maxima in
the monsoon index point to an intensified Indian Ocean summer monsoon leading to enhanced
continental humidity in tropical Africa and ultimately enhanced discharge rates of the Nile.
Increased rates of continental runoff would possibly have changed the circulation of the
Mediterranean from today's anti-estuarine system towards an estuarine pattern, thereby
preconditioning the eastern Mediterranean towards sapropel formation (Fig. 7). New compilations
of paleoclimatologic data also point to the importance of humid phases in the northern borderlands
of the eastern Mediterranean for stimulating the formation of sapropels (Rohling and Hilgen, 1991).
Apparently, increased summer precipitation along the borderlands was due to increased activity of
Mediterranean depressions which tend to lower evaporation rates over the eastern Mediterranean
thus redistributing freshwater between the eastern and western Mediterranean basins.

The existence of early Pleistocene, Pliocene, and Miocene sapropels is known from eastern
Mediterranean DSDP sites which have been drilled during Glomar Challenger Legs 13 and 42A
(Ryan et al., 1973; Hsii et al., 1978; Kidd et al., 1978) and from exposed sections in southern
Italy, Sicily and Crete (for a recent review see Hilgen, 1991). The western most occurrence of
sapropels has been documented at Leg 109 drilling sites in the Tyrrhenian Sea (Emeis et al., 1991).
However, a detailed evaluation of these old sapropels with respect to the state of Mediterranean
climate, water mass and atmosphere circulation is to date not possible because we do not have the
required continuous multi-proxy records at hand. Sampling of sapropel deposits in on-land sites is
not adequate since many geochemical tracers to be used in our program are labile and their alteration
due to exposure to the atmosphere and ground waters would make the interpretation of the data very
difficult if not impossible. Thus the required records must come from long time-series of sapropel
deposition and water mass variability to be obtained from multiple hydraulic piston cores at eastern
Mediterranean drill sites.

The Deep-Water Stagnation Hypothesis

According to traditional thinking, preservation of organic carbon should be enhanced during
oceanic anoxia. The most viable means to deplete oxygen in deep waters is by way of extremely
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strong gravitational stability of the water column; this would shut off thermohaline overturn and
thus terminate deep water ventilation (Fig. 7C). Strongest support for this model comes from
negative oxygen isotope anomalies recorded in planktonic foraminifera which are associated with
the sapropels (e.g., Williams et al., 1978; Vergnaud-Grazzini et al., 1986). These anomalies imply
the existence of a low-salinity and, thus, low-density surface layer in the eastern Mediterranean at
times of sapropel deposition.

High abundances of planktonic foraminiferal species in most of the upper Pleistocene sapropels,
which calcify preferentially under low-salinity conditions, provided additional evidence for marine-
brackish surface waters during these times (Thunell et al., 1984) (although an association of these
planktonic assemblages with increased nutrient scenarios can to date not be excluded; see Rohling
and Gieskes, 1989). Presumed sources for the fresh water diluent are the Black Sea, which
conceivably exported large volumes of glacial meltwaters to the eastern Mediterranean as the sea
level rose above the depth of the Bosphorus sill, the Nile (Rossignol-Strick, 1983) and the
inflowing Atlantic waters (Miiller, 1990). Rossignol-Strick (1983) demonstrated that the temporal
distribution of the eastern Mediterranean sapropels correlates with maximum potential strength of
the African monsoons which would have resulted in maximum discharge from the Nile. This could
have finally resulted in a periodic reversal of flow patterns between the eastern and western
Mediterranean which would have caused the eastern Mediterranean to become a nutrient trap,
thereby increasing the oxygen demand and resulting in episodic anoxia (Sarmiento et al, 1988).

This stagnation hypothesis has been recently questioned for several reasons. First, the modern
Mediterranean receives largely all of its waters from inflowing Atlantic surface-subsurface waters,
which are intrinsically nutrient-depleted (Fig. 7A). Thus, overall nutrient concentrations are low
and the Mediterranean is an oligotrophic system in which no major productive areas exist (e.g.,
Murdoch and Onuf, 1974). Estimates of the annual primary production range from 25-50 gCm-2
for the open Mediterranean to 60-75 gCm-2 in some coastal zones. At this low rate of biosynthetic
marine organic carbon input, sedimentary organic carbon concentrations would barely reach the
elevated levels observed in the sapropels (Calvert, 1983). Only in localities such as the Bannock
and Tyro Basins, in which anoxic and hypersaline bottom waters prevail (Jongsma et al., 1983;
de Lange and ten Haven, 1983; Cita et al., 1985; Parisi et al., 1987), is the preservation of organic
carbon in the sediments distinctly enhanced. Organic carbon contents there are higher (up to 1.3%
Corg) than in normal Mediterranean sediments (0.3% Cog) probably due to the "red herring/
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pickling effect" of the deep-seated brines which suppress bacterial activity and decomposition of the
organic sediment fraction (Klinkhammer and Lambert, 1989); but they are still much lower than the
values often encountered in sapropels (3-17% Corg).

Second, areal mapping of the negative oxygen isotope anomalies observed in sediment cores from
around the Nile cone suggests that the low-salinity surface layer extant during the formation of
sapropel S1 was strongest in the immediate vicinity of the river mouth, presumably because the
fresh waters mixed rapidly with the highly saline waters of the easternmost Mediterranean (Jenkins
and Williams, 1984). Thus, the potential stabilizing effect of the low-salinity surface layer could
have been restricted to the area closest to the Nile cone, whereas thermohaline overturn could have
still prevailed in the easternmost Mediterranean.

Third, the stagnation hypothesis is seriously challenged by geochemical evidence that the early-
Holocene sapropel (containing up to 14% organic carbon) in the Black Sea must have formed under
well-ventilated, fully-oxic conditions (Calvert, 1990) and by the fact that there are no sapropels
forming there at present, even though the modern Black Sea is regarded as the type fully-anoxic
basin. Thus, reduction of organic matter degradation alone appears unlikely to have promoted the
formation of sapropels in the eastern Mediterranean.

The Productivity Hypothesis

Enhanced rates of biosynthetic carbon fixation are well recognized to be the primary factor
controlling elevated levels of carbon in seafloor sediments. Organic carbon variations in sediment
cores from high-productivity areas of equatorial divergence and coastal upwelling systems have
been attributed to climate-controlled variations of primary productivity (Arrhenius, 1952; Pedersen,
1983; Miiller et al., 1983; Morris et al., 1984; Zahn et al., 1986; Lyle et al., 1988; Prahl et al.,
1989a, 1989b; Sancetta et al., 1992). Using empirically-derived relationships between carbon
production in the surface waters and carbon burial rates at the seafloor (Miiller and Suess, 1979),
and assuming average physical properties of the sapropels, implies that productivity rates of 100-
200 gCm-2yr-1 are required for the Mediterranean to produce carbon concentrations of 5-15% at
depth, which are typically found in the eastern Mediterranean sapropels. These estimated
production rates are similar to low to moderate primary production rates observed, for example, in
the upwelling system off Northwest Africa. Although new cadmium and barium data (Boyle and
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Lea, 1989) suggest a possible contribution of riverine carbon input to early-Holocene sapropel S1,
other isotopic and geochemical tracers point to a predominantly marine origin of the sapropel
organic carbon (Sutherland et al., 1984; Smith et al., 1986; ten Haven et al., 1987). Therefore,
formation of the Mediterranean sapropels was probably promoted by enhanced rates of marine
productivity rather than increased supplies of terrestrial carbon.

Several models have been put forward to explain how higher productivity levels in the otherwise
oligotrophic Mediterranean could have been brought about. It has been postulated, for instance, that
enhanced volumes of freshwater input during deglacial meltwater surges and/or monsoon-
controlled river floodings would have reversed the Mediterranean circulation towards an anti-
estuarine system (Fig. 7B) (Sarmiento et al., 1988; Lohmann and Pride, 1989; Thunell and
Williams, 1989). In this case, the Mediterranean would have imported nutrients via an inflow of
nutrient-enriched subthermocline waters from the Atlantic, which would have upwelled in the
eastern Mediterranean (Fig. 7B). This is likely to have increased primary productivity. However,
the circulation reversal postulated by this model would be in apparent contradiction with benthic
foraminiferal 8!3C signatures obtained from sediment cores to the west of the Strait of Gibraltar
which imply that the outflow of deeper waters from the Mediterranean to the North Atlantic, though
at reduced rates, continued also during the formation of sapropel S1 (Zahn et al., 1987).

Rohling and Gieskes (1989) recently envisioned a causal link between the development of deep
chlorophyll maxima at the base of the euphotic zone and the formation of sapropels. Accordingly,
the development of a marine-brackish, low-density surface layer in the Mediterranean would have
resulted in a shoaling of the pycnocline and its associated nutrient maxima into the euphotic zone,
thereby promoting enhanced primary production of deep phytoplankton and stimulating the
development of a deep chlorophyll maximum.

The deep-chlorophyll-maximum model appears to be constrained by unusually high abundances of
neogloboquadrinids (N. dutertrei and N. pachyderma) in the sapropels, deep-dwelling planktonic
foraminiferal species which are typically associated with deep chlorophyll maxima extant in the
modern open ocean (Rohling and Gieskes, 1989). However, this species appears to be absent
from the Holocene sapropel S1 and, thus, the model does not provide a unique solution to the
problem of sapropel formation. Nevertheless, the model has recently been supported by quantitative
analyses of calcareous nannofossil assemblages in eastern Mediterranean sediment cores. The core
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profiles show salient maxima of deep-dwelling floral species during sapropel events S4, S5, and
S7 thus also pointing to the existence of deep chlorophyll maxima (Castradori, 1993). Sapropel
events S1 and S6 do not show as distinctive a nannofloral distribution as the other events again
hinting at different origins for the different sapropels.

Salient maxima of dinosterols and long-chain alkenones which are associated with sapropels S1 and

S7 (Smith et al., 1986; Ten Haven et al., 1987) were used to infer that coccolithophorid and

dinoflagellate productivity was high during sapropel formation, thus pointing to the potential

importance of primary productivity for the formation of the Mediterranean sapropels.

SCIENTIFIC OBJECTIVES AND METHODOLOGY

Summary of Objectives

1) To estimate deformation rates in relation to different stages of continental collision.

2) To investigate the influence of salt in sediment deformation.

3) To study the diagenesis of the sediments.

4) To study the circulation of interstitial fluids, using brines as geochemical tracers.

5) To study the development of depositional environments that accompany continental collision.

6) To investigate the long-term history of sapropel formation in relation to the history of
atmospheric circulation and water mass variability in the Mediterranean, the inter-sapropel
geochemical variability as a function of different environmental boundary conditions, and the
water column redox conditions and (paleo-) productivity levels during sapropel formation.

Specific Tectonic Objectives and Methodology

Drilling in the continental collisional setting of the eastern Mediterranean will investigate processes

at two structural environments - 1) terminal subduction-initial collision (subduction of the last
remnants of African oceanic lithosphere and related sediment deformation in the accretionary
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complex of the Ionian and Herodotus abyssal plains) and 2 ) incipient continental collision
(collision of continental promontories of the African margin off the Cyrenaica Peninsula and on the
Eratosthenes Seamount).

1) Terminal Subduction-Initial Collision
Accretionary Processes

Offscraping of the thick, terrigenous sedimentary sequence of the African foredeep should produce
a deep décollement, seaward-vergent thrusting in the outer portion of the deformed area resembling
the style of deformation of fold and thrust belts, and possibly landward thrusting in the inner
portions (Seely, 1977; MacKay et al., 1992). The style of initial deformation should also vary
between the Ionian and Herodotus abyssal plains in response of the different angle of incidence of
the incoming plate with respect to the plate boundary (near-orthogonal and low angle, respectively -
Le Pichon et al., 1979; Le Pichon et al., 1982; and Mascle et al., 1986). Furthermore,
underthrusting of the thick, terrigenous sedimentary sequence of the African foredeep under the
Hellenic Arc should produce coherent underplating with possible duplex formation at depth and
consequent high uplift rates on the Mediterranean Ridge. The structural styles of the Mediterranean
Ridge will be compared with adjacent on-land, older accretionary prisms of the Pindos thrust belt of
mainland Greece in order to understand how structural styles may be related to incipient continental
collision.

Depositional Settings

A valuable time frame for recent accretionary processes of the Mediterranean Ridge can be provided
by the lateral transition of sedimentary facies.The clastic sedimentary input to the eastern
Mediterranean subduction zone is provided mostly by the incoming subducting plate (sediments
from the overriding plate are trapped in the Black , Marmora , and Aegean seas). An additional
characteristic of the developing accretionary complex is that the "trench sediments” (abyssal plains
are trenches with no morphological expression) are high-sedimentation rate sand-rich clastics, while
the "slope sediments" (on the ridge) are low sedimentation rate fine-grained pelagics and
hemipelagics (Blechschmidt et al., 1982; Cita et al., 1982). The high-resolution litho-
biostratigraphic control provided by the Pliocene-Quaternary (younger than 5 Ma) hemipelagic
slope deposits of the Mediterranean Ridge will be used for tracking the transition between trench
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and slope sedimentary facies and to calculate rates of outward growth and uplift of the toe of the
accretionary complex.

Dewatering

The initiation of shearing is strongly dependent on the state of effective stress of the sedimentary
sequence (Hubbert and Rubey, 1959; von Huene and Lee, 1982). Pore-water pressure greater than
hydrostatic can be found in sedimentary rocks due to a number of processes other than tectonic
stress, including high sedimentation rates, hydrocarbon gases formation, dehydration of smectite,
and osmosis (Hanshaw and Zen, 1965; Rieke and Chalingarian, 1974). A number of these
processes are acting within the African continental foredeep approaching the Aegean subduction
zone.

The Nile River deep sea fan produces fine-grained turbiditic sediments, with rates of sedimentation
as high as 55 cm/k.y. and smectite-dominant clay mineral composition (Nesteroff, 1973), that enter
the subduction zone in the Herodotus Abyssal Plain. In addition, a salt body is present in the upper
part of the incoming sedimentary sequence (Messinian Evaporites, Hsii et al., 1973) which may
trigger osmotic pressure gradients in the overlying sediment sequence (Camerlenghi, 1988; 1990)
and evidence of biogenic and thermogenic hydrocarbon gases has been found in the Oligocene-
Miocene mud breccia sampled on the mud diapirs of the crest of the Mediterranean Ridge
(Camerlenghi et al., 1992).

The amount of interstitial water that enters the subduction zone must be anomalously high because
the thickness of the incoming sedimentary sequence (104 m) is one order of magnitude larger that
average oceanic cases (103 m ). Conditions are thus favorable for sediment underconsolidation
within the incoming sedimentary sequence of the eastern Mediterranean. This is particularly relevant
for the pre-salt sediment section, because the upward drainage of pore water in response to
sediment compaction might be prevented by the widespread impermeable Messinian halite layer.

Role of Salt

The mechanical properties of salt affect the style of post-Messinian (younger than 5 Ma) sediment
deformation, and seem to cause a geometric anomaly of the Mediterranean Ridge (large width, 150-
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300 km, and low taper angle, ~ 2.2°; Kastens et al., in press). Similarly, the presence of salt in
other fold and thrust belts, like the Appalachian Plateau, the Franklin Mountains, or the Jura belt
(Davis and Engelder, 1985), seem to affect the style of deformation, determining narrow taper and
inconsistency of vergence of tectonic structures as most characterizing properties. A direct
comparison will be made with Eocene-Oligocene thrust tectonics of Crete which has developed on
Triassic (Carnian) evaporitic layers.

The interaction between the highly soluble rocks contained within the shallow-buried evaporitic
sequence and seawater causes widespread phenomena of dissolution-collapse, such as the regional
"cobblestone topography" and the deep-sea anoxic brine lakes (Cita, 1991). In addition, an osmotic
gradient between buried brines and seawater, separated by a layer of semi-permeable hemipelagic
sediments, may potentially trigger a wide-scale fluid circulation from the ridge to the abyssal plains
within the post-Messinian sedimentary sequence (Camerlenghi, 1988; 1990). The geochemical
anomalies in the interstitial fluids produced by salt-water interaction will be used as tracers of fluid
migration within the post-evaporitic sediment section.

The impermeable nature of the salt layer should also prevent dissipation of excess interstitial pore
pressure through upward fluid migration, which is generally materialized in the open ocean (where
temperature conditions are favorable) with the formation of the near surface layer of solid state gas
hydrates (BSR). The presence of overpressured sediments below the Messinian salt layer of the
Mediterranean Ridge has been recognized through the seismic and geological identification of mud
diapirism (Camerlenghi et al., 1992). However, the distribution of mud diapirism seems to differ
from what is generally observed on oceanic accretionary prism without salt in the deforming
sediment sequence. In these areas, and particularly on south Barbados Ridge, mud volcanoes occur
also seaward of the deformation front in response to the propagation of the pore-water pressure
field induced by the prism (Westbrook and Smith, 1983; Brown and Westbrook, 1988). On the
Mediterranean Ridge, mud mobilization has been observed so far exclusively on a narrow corridor
along the crest of the ridge and it appears to be concentrated where continental collision occurs.

It can be inferred that both pervasive flux and channelized fluid flow may be prevented by the
presence of an impermeable layer near the surface of the ridge. The evaporitic layer, whose
thickness is larger toward the Herodotus and Ionian abyssal plains (Montadert et al., 1978),
prevents the mud from outcropping to the sediment surface, while on the ridge crest, where salt is
thinner and the pressure field is likely to be the highest, underconsolidated mud breaks through the
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evaporites to form mud diapirs and mud volcanoes. If this happened, the extremely high pore-water
pressure below the evaporites could lower the shear strength of the sediments and contribute to the
widening of the ridge (increase in outward growth rate) and narrowing of the taper angle (decrease
in uplift rate).

2) Incipient Continental Collision Processes

Incipient collision implies that a thick sedimentary sequence deposited on the North African passive
continental margin enters the subduction zone. This sequence is expected to include a variety of
lithologies with a prevailing fine-grained siliciclastic component, also including basal shallow water
carbonates or evaporites, and retaining high quantities of organic material (Mitchell and Reading,
1989; Bradley and Kidd, 1991). In this environment, critical factors to the sediment deformation
and failure, like porosity reduction with depth, anisotropy of permeability, flow rates of interstitial
fluids, mud diapirism and hydrocarbon gas production will be affected by the lateral and vertical
lithologic variability. In particular, porosity reduction and fluid mobilization will be more intense in
the upper, less consolidated, terrigenous sequence. The initiation of shearing will probably depend
upon both the presence of regional discontinuities along lithologic boundaries and the response of
sediment consolidation to the stress field within the accretionary complex of homogeneous
sedimentary units, according to the Mohr-Coulomb failure criteria (Bray and Karig, 1985; Moore
and Byrne, 1987; Taira et al., 1992).

The style of deformation of the incoming lithosphere will be different from the typical horst and
graben style of deformation in the oceanic crust, due to lithospheric bending seaward and below the
trench axis (Karig and Sharman, 1975). Collisional foredeeps on continental lithosphere show a
style of deformation which implies sets of synthetic planar downward-terminating normal faults
dipping at high angle toward the arc (observations at Taconic and Ouachita foredeeps and Timor
Trough), referred to as continental lithosphere flexural extension by Bradley and Kidd (1991). The
geometry of the deformed foredeep affects the tectonic processes in the accretionary wedge and
determines the predominance of accretion and underplating versus subcretion and tectonic erosion
(McMillen and Bachman, 1981)

Evidence for lithospheric flexural extension on the African foredeep is provided by a few published
multichannel seismic profiles (Finetti, 1982) and is particularly evident on the Cyrenaica continental
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slope and on the Eratosthenes Seamount, where extensional faulting is an example of local
extension at a convergent boundary.

Basically almost normal crustal thickness (~ 30 km) between the Cyrenaica continental promontory
and the island of Crete provide evidence for continental collision. Other observations on this part of
the margin support the incipient collisional setting; 1) the arcward concavity of the southwest and
southeast Mediterranean Ridge (where the last remnants of the oceanic crust enter subduction) is
reverted to arcward convexity in response to the adjustment of the accretionary complex to the
shape of the collided African margin (Cyrenaica Promontory); 2) the Mediterranean Ridge reaches
the maximum elevation; 3) the outer deformation front of the Mediterranean Ridge is shallowest and
is in contact with the continental slope of the incoming African margin (there are no abyssal plains
facing the outer deformation front); 4) the continuity of the inner deformation front and of the inner
plateau are interrupted by a physiographic promontory; 5) the distribution of mud diapirism and
mud volcanism on the Mediterranean Ridge crest is maximum; and 6) extremely high uplift rates
have been recorded on the island of Crete during the Quaternary.

An abrupt change from subduction to continental collision occurs between the western and central
segments of the Cypriot Arc (Kempler, 1986; Kempler and Ben-Avraham, 1987). The western
segment is characterized by normal subduction beneath the Anatolian plate, as implied by seismic
and gravity data, whilst the approach of a thick, buoyant, probably partly-volcanic continental block
(whose mere top is the Eratosthenes Seamount to the central segment south of Cyprus) interrupts
the subduction and results in a head-on collision between Eratosthenes and the arc. This collision
post-dates the Pleistocene uplift of the Troodos Massif in Cyprus (Robertson, 1991), i.e. it is
younger than 2 Ma.

The Eratosthenes Seamount serves as a dip-stick to the superimposed geological history represented
by the compact sequence of sediments that is equivalent to the extraordinarily thick sedimentary
section of the eastern Mediterranean (Lort et al., 1974; Ginzburg et al., 1979; Makris et al., 1983).

Within the post-Miocene tectonic regime, the relatively thick and buoyant Eratosthenes block in the

thinner crust of the eastern Mediterranean causes the younger uplifting phases in Cyprus (Kempler,
1986; Robertson, 1991). The collision of Eratosthenes with the Cypriot Arc is comparable with that
of seamounts and ridges at various stages of subduction accompanied by deformation along Pacific

arcs (e.g., Yamazaki and Okamura, 1986), in particular, the Dai-ichi Kashima Seamount, which
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presently interacts with the overriding plate at the Japan Trench (Mogi and Nishizawa, 1980;
Kempler, 1986). Fragmentation and erosion of the accreted seamounts typically accompanies the
morphological expressions of this process. Therefore, considerable amounts of rock fragments in
the sedimentary sequence may yield critical information about the time and evolution of this
collision. Nevertheless, since the Eratosthenes Seamount differs from Pacific seamounts in its
crustal structure, differences in the style of the deformation should be expected. A northward tilt
was discerned on the top strata of Eratosthenes and the lower area to the north (G.B. Udintsev,
pers. comm. 1990), suggesting that compression and collision are presently active.

A comprehensive model for the evolution of Eratosthenes within the eastern Mediterranean tectonic
framework integrates the available seismic reflection profiles from the Eratosthenes area with other
geophysical data and with plate kinematic considerations (Kempler and Garfunkel, in press). The
model shows that the initiation of continental collision in the eastern Mediterranean takes place after
a long history of oceanic crust consumption due to the Neo-Tethys closure between the African and
Eurasian plates. The analysis of the geology of the southeastern Mediterranean Basin suggests that
the northern tectonic boundary of the African Plate occurs between the Eratosthenes Seamount and
Cyprus (Mart, 1987). Therefore, the tectonic collision between Eratosthenes and Cyprus represents
a rare example for the early stages of continental collision. Drilling at Eratosthenes will therefore
provide rock samples that will reveal details of incipient collision. The Mesozoic block that
underlies the Eratosthenes Seamount is probably located at a depth of 3-4 km, beyond the scope of
the present project. We propose to sample the Late Miocene and subsequent units to understand
their tectonic evolution and the paleoceanographic, paleoclimatic, and paleosedimentary changes,
recorded in the upper parts of the seamount and its vicinity.

Specific Paleoceanographic Objectives and Methodology
Testing the Stratification Model

Foraminiferal oxygen isotope profiles provide the primary evidence for global climatic change. In
addition to the climate-controlled "ice-effect”, foraminiferal 8180 data combine the signals of
regional temperature and salinity effects. Because the Mediterranean acts as a concentration basin in
which evaporation exceeds precipitation and riverine freshwater input, salinity effects - in addition
to the global ice-effect - may be expected to be the dominant contributors to the glacial-interglacial
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amplitudes of foraminiferal oxygen isotope records (e.g., Thunell and Williams, 1989). Negative
3180 anomalies in planktonic isotope records from the eastern Mediterranean, for instance, have
been largely ascribed to pulses of freshwater supply, either from deglacial meltwater surges or in
response to varying intensities of monsoonal rainfall over tropical East Africa which, in turn,
control the discharge rates of the Nile (Rossignol-Strick, 1983; Vergnaud-Grazzini et al., 1986).

If indeed regional salinity anomalies existed, they could also have been brought about in part by a
redistribution of freshwater between the eastern and western Mediterranean due to changes in
atmospheric circulation (Rohling and Hilgen, 1991). In both cases - increased river runoff and/or
precipitation - we would expect a gradual decrease in magnitude of the associated foraminiferal
5180 anomalies from the eastern to the western basin. This would also mean that thermohaline
overturn would have decreased during these periods because of weaker salinity gradients between
the western and eastern basins. Whether or not this led to stagnation of the deep waters depends on
the resulting density contrasts in the Mediterranean. This would be tested using traditional
temperature-salinity-density diagrams in combination with 3180-equilibrium fractionation scenarios
(see Zahn and Mix, 1991). That is, synoptic mapping of contemporaneous planktonic §!80 signals
in the eastern and western Mediterranean will be an essential part in detecting possible inter-basin
density contrasts and determining their effects as triggers for sapropel formation.

Statistical analysis of planktonic assemblages which are associated with the Mediterranean
sapropels provides a further, independent constraint on surface water conditions during sapropel
formation. Planktonic foraminiferal species which are adopted to low-salinity conditions have been
found to be the dominant faunal constituents in the sapropel samples, thus supporting the
contention that sapropel formation occurred during times of enhanced static stability of the water
column (Thunell et al., 1984). Quantitative analysis of the nannoplankton assemblages will further
constrain the reconstruction of the vertical architecture of the upper water by revealing the
distribution of lower-photic-zone species as compared to surface-dwelling species (Castradori,
1993). In addition, variations of the faunal and floral assemblages just below and above the
sapropel horizons are needed to document possible re-organizations of the deep-thermocline before
and after periods of sapropel formation (Lohmann and Pride, 1989).
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Testing the Anoxia Model

The ratio of the two halogens bromine (Br) and iodine (I) in marine sediments is directly controlled
by the redox conditions prevailing during sediment deposition. This is because I-speciation varies
as a function of the prevailing redox conditions (iodide is the stable species under anoxic
conditions, whereas iodate is the stable species under oxic conditions), and because iodate is the
only species that reacts with sedimentary organic matter (Francois, 1988). In contrast, Br does not
display such a redox behavior since it exists as the bromide ion under all oceanic redox conditions.
Hence, unlike I, the Br content of sediments is linearly related to the organic carbon concentration
regardless of the redox state of the overlying water column or the sediment-water interface.
Therefore, even though some Br and I is lost from the degrading organic host to the porewaters
during early diagenetic reactions, the relative abundances of Br and I in the sediments can be used
to determine whether the sediments originally accumulated under oxic or anoxic conditions (e.g.,
Calvert, 1990).

The distribution of solid-phase manganese (Mn) can also be used to decipher the redox conditions
at the sediment/water interface. The behavior of solid-phase Mn4+ and dissolved Mn2+ during early
diagenesis in marine sediments is well understood. Sub-surface anoxic sediments which have
originally accumulated under oxic conditions generally contain high concentrations of solid-phase
Mn due to the burial of surface oxides and their dissolution under the lowered redox potentials at
depth. High interstitial alkalinities in these same porewaters promote the precipitation of high-Mn
carbonate phases. On the other hand, sediments accumulating under anoxic conditions tend to have
solid-phase Mn concentrations which are close to crustal abundance levels; there is no surface
enrichment of Mn oxides which can be buried to produce the high interstitial Mn2+ concentrations
required for the formation of diagenetic carbonate phases.

Testing the Productivity Model

Most organic compounds of marine origin are intrinsically labile and are, as such, removed from
the sedimentary record during early diagenesis. Of the few original biomarkers that persist in the
sediments, long-chain alkenones and dinosterol are the clearest indicators of marine carbon sources
(e.g., Prahl, 1992). Both compounds are biosynthetic products characteristic of coccolithophorid
and dinoflagellate productivity, respectively. They appear to be important components of the
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organic fraction in Mediterranean sapropels S1 and S7 (Smith et al., 1986; ten Haven et al., 1987).
This has been attributed either to higher degrees of preservation, or to enhanced levels of biological
productivity during sapropel formation. The productivity-specific interpretation is supported by the
observation that organic carbon and long-chain alkenones covary along a sediment core from the
open equatorial Pacific, suggesting that marine primary production is the ultimate signal recorded
by alkenones there (Prahl et al., 1989b). Evaluation of the long-term stability of these biomarker
signals suggests that even if >85% of the total alkenone concentration is lost by post-depositional
decomposition, the alkenone isomer ratio remains virtually unchanged (Prahl et al., 1989b).
Consequently, UK37 and other alkenone biomarkers can be used as paleo-environmental
indicators.

Atmospheric and riverine input of continentally-derived particulate carbon represents another
potentially important source contributing to the sapropel organic carbon. Plantwax lipids are
considered the most powerful indicator of terrestrial carbon. They are remarkably stable in the
marine environment and are readily identified by capillary gas chromatography. Stable carbon
isotope analysis of the organic sediment fraction also has a great potential for separating organic
carbon derived from terrestrial and marine sources. Source-specific 813Coq fractionation between
terrestrial and marine organic matter is about 10%o (terrigenous: -20%o > 813Corg (PDB) > -30%0;
marine: -6%o > 813Corg (PDB) > -20%0) which can be easily distinguished by mass spectrometry.
Modulation of the terrestrial §13Cog signal largely depends on photosynthetic carbon fixation
pathways, the C3 pathway (Calvin-Benson cycling) leading to greater depletion in 813Cyg than the
C4 pathway (Hatch-Slack cycling). 813C, values of marine phytoplankton, on the other hand,
show some fractionation in response to varying temperature (A813Cyg ~ 0.4%o0 per AT of 1°C;
Fontugne and Duplessy, 1981).

In addition, the §!3C composition of bulk marine carbon carries the imprint of aqueous CO,
concentration (Rau et al., 1991) which in turn is related to the rate of photosynthesis and ocean-
atmosphere gas exchange. Furthermore, compound-specific §13C analysis of isotopic biomarkers
derived from primary producers may help to determine the total biomass of the source organisms
and thus, of productivity levels (Jasper and Hayes, 1990) during sapropel formation. The carbon
isotope composition of this carbon fraction appears to be rather stable (Hayes et al., 1990) and is
only insignificantly affected by carbon loss due to diagenetic degradation. Therefore, the analysis of
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813Cqrg will be most helpful (i) in combination with the analysis of plantwax lipids to separate the
contribution of terrestrial versus marine carbon sources to the sapropels and (ii) in determining
productivity levels during sapropel formation by way of estimating both the concentration of
aqueous CO; and total biomass of the signal carrying primary producers.

The isotopic composition of nitrogen in oceanic particulates provides useful information on the
sources of nitrogen in, and export from, the mixed layer and on the recycling of particles
throughout the water column. Altabet (1988) has shown, for instance, that 815N values of settling
particulate matter (sampled by sediment traps) and the suspensate (the fine fraction sampled by
pumps or bottles) in the same area of the North Atlantic may differ significantly from each other.
This may signify food-chain fractionation by way of amplification of the heavier isotope, producing
ISN enrichments of ~3%o for each trophic step (DeNiro and Epstein, 1981; Minagawa and Wada,
1984). Consequently, oligotrophic ocean systems which are usually associated with relatively
extensive food-chain fractionations should have more positive 815N values of the organic fraction,

whereas eutrophic systems with fewer trophic steps should have more negative §!5N values. On the
other hand, there is new evidence that the fractionation between 1SN and 14N is also influenced by
the availability of nitrate as a nutrient (Altabet and Francois, 1992), thus probably allowing the use

of 515N values as an indicator of nutrient concentration and thus, primary production. v

The concentration of barium (Ba) in marine sediments appears to be directly related to the rate of
primary production at the sea surface as revealed by high Ba concentrations in pelagic sediments
which accumulate beneath areas of high productivity (Goldberg, 1958; Goldberg and Arrhenius,
1958; Schmitz, 1987). As a possible mechanistic link between surface productivity and Ba contents
at depth, it has been suggested that barite is precipitated in decomposing organic detritus in the
upper water column (Bishop, 1988). Alternatively, Ba might be delivered to the sediments because
of the secretion of barite microcrystals by marine flagellates (Suess, pers. comm. in Calvert, 1990).
Water depth and sedimentation rates seem to exert some control on the preservation of Ba signals in
the sediments (Van Os et al., 1991).

Lattice-bound cadmium (Cd) in the shells of calcareous foraminifera has been shown to be a
sensitive tracer of changes in the nutrient content of ambient water masses (Boyle, 1988 ).
Continuous Cd/Ca profiles along sediment cores from the open North Atlantic and the Caribbean
Sea have been successfully correlated with foraminiferal 513C records, thus demonstrating the great
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potential of Cd as a tracer of ocean circulation and primary production studies. This potential is
further augmented by the close, linear relation of Cd and phosphorus in the ocean (Boyle, 1988;
Frew and Hunter, 1992). Thus, both Ba and Cd may be used to further constrain possible
productivity scenarios.

An Example for the Proposed Multi-Proxy Survey

In a recent study Fontugne and Calvert (1992) analyzed the chemical composition of the sediments
which have been cored at site MD 84641 in the eastern Mediterranean (33°02'N, 32°38'E, 1375 m;
total core length 11.61 m). They carried out measurements of some of the tracers to be used in our
multi-proxy study and we use their work here to exemplify the great potential of such multi-proxy

surveys.

Correlation of the oxygen isotope record at site MD 84641 which was obtained from the planktonic
foraminifera Globigerinoides ruber with the global mean §!80 Specmap record shows that core MD
84641 extends back to oxygen isotope stage 11, i.e., approximately 460 ka, yielding sedimentation
rates between 1.3 and 5.3 cmk.y.! (Fig. 8).

These data are a first step to constrain whether the formation of the sapropels was driven primarily
by an increase in biological productivity or by enhanced carbon preservation with no increase in
productivity relative to the levels extant prior to and after the sapropel events. New nitrogen isotope
data measured on the organic nitrogen fraction in the same core MD 84641 provide some clues to
this effect. The nitrogen isotope record shows that each of the sapropels is associated with a marked
negative 815N, anomaly (S.E. Calvert, unpublished data). As has been suggested by studies of
815Norg in trapped particles at open ocean sites such variations may be due to food chain
amplification of the heavier nitrogen isotope, producing 15N enrichments of some 3%o for each
trophic step (DeNiro and Epstein, 1981; Minagawa and Wada, 1984). Newer data also hint at the
possibility, that enhanced fractionation of nitrogen isotopes occurs in response to increased
concentration of nitrate, which in turn would stimulate biological primary production in the surface
waters. Thus the 815N, record of core MD 84641 would support the contention that sapropel

formation in the eastern Mediterranean went along with production increases thus resulting in
higher fluxes of marine organic material from the surface waters to the sea floor.
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These data very clearly demonstrate the rich potential of multi-proxy strategies to decipher the origin
of organic-rich sapropels. The study by Fontugne and Calvert produced a wealth of information on
the tracer distribution within the more recent sapropels. The Leg 161 and 162 program will extend
this type of work back to times of changing environmental conditions during the Miocene and
Pliocene.

DRILLING PLAN/STRATEGY

During Leg 161 (Fig. 1A, Table 1), we will drill three transects of sites across different settings of
the outer deformation front of the Mediterranean Ridge accretionary complex (proposed sites MR-1,
MR-2, and MR-3). Transects are located in zones of terminal subduction at near-orthogonal plate
convergence (Ionian deformation front) and at initial continental collision (Katia Deformation
Front), where the deformed sediments of the Mediterranean Ridge override the African continental
slope. At these sites, we aim to identify the incoming sediment section, the rates of outward growth
and uplift of the deformation front, the fluid flow paths, and the influence of the Messinian
evaporites (which include a salt body) on the tectonic structure and the interstitial fluid circulation,
using brines as geochemical tracers.

We will also drill one site on the Napoli mud volcano (proposed site MV-1) in order to date the
diapiric intrusions, and record the physical properties of the diapiric material and the composition of
deep interstitial fluids brought to the surface by the diapiric processes along the inner deformation
front of the Mediterranean Ridge. The diapirs of the inner deformation front constitute an excellent
opportunity to sample fluids expelled from below the impermeable salt layer. Proposed site MV-1
will be drilled on the flank of the "Napoli" mud volcano in the Olimpi mud diapir field (Cita et al.,
1989; Camerlenghi et al., 1992: de Lange et al., 1991; Camerlenghi et al., in preparation).
Penetration in the mud volcano will establish the lithologic composition of the mud, its diagenetic
history, and age. Interstitial water analysis, so far conducted only on one piston core (de Lange et
al., 1991), will allow us to determine whether fluid is currently advecting through this structure,
and if so, the nature of the fluid source. Analysis of diagenetic alterations within the sediments will
provide information on the history of fluid-flow pathways. A CORK will also be installed at this
site and will monitor long-term variations in fluid and temperature regime.

Four sites are planned to be drilled along a transect from the top of the Eratosthenes Seamount
(proposed sites ESM-1, ESM-2, ESM-3, and ESM-4) to the Cyprus Margin to identify the tectonic
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phases, vertical displacements, and the variation in sediment provenance and depositional
environments that accompanied the collision between the seamount and the margin.

All the proposed sites require two APC/XCB holes and heat flow measurements. The use of RCB
will be necessary for a third hole (one for each transect) to run the standard geophysical tools and
conduct geochemical logging. Downhole measurements, like Adara, WSTP, and LAST-II will be
widely employed. The deployment of borehole seals is foreseen at two sites.

In order to determine the hydrology and characterize the fluid regime, we will measure the bulk
sediment properties and sample the pore fluids at in situ conditions. Consequently, the complete
standard logging package is to be run at each site, even though the proposed holes will be shallow.
The lateral stress tool can be used to measure stress and deformation in the soft sediments in the top
portion of the hole, and the borehole televiewer will provide stress orientation in the more
consolidated sediments in the bottom portion of the hole.

In situ temperature measurements have provided valuable information pertaining to the hydrological
regime in accretionary prisms along continental margins. We will use the Adara tool and the WSTP
in conjunction with the standard logging runs to establish anomalies in the thermal structure which
may be indicative of advective versus conductive temperature regimes.

Hydrocarbon gases obtained in mud diapir samples indicate a partial thermogenic origin.
Characterization of methane and other hydrocarbons at close to in situ conditions will require the
use of the WSTP sampler.

In order to determine the influence of the various factors on sapropel formation, we must obtain
multi-proxy records along an east-west transect across the entire Mediterranean (Fig. 1B, Table 1).
Such transect would allow to synoptically map the hydrographic and climatic conditions throughout
the Mediterranean both at the sites of sapropel formation in the eastern basin and at sites in the
western basin where no sapropels formed. Only this Mediterranean-wide data base will allow to
determine the driving force behind sapropel formation at different times, and how the
Mediterranean's physical circulation and chemical cycling preconditioned the eastern basin towards
sapropel formation. That is, the paleoceanography of the entire Mediterranean must be understood
if we are to unravel the origin of sapropel formation in its eastern basin.
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To achieve these scientific goals, the drill sites must fulfill four essential requirements.

1) Stratigraphic continuity. Sedimentary sections at targeted sites have to be complete, undisturbed,
hemipelagic and pelagic, and shielded from the occasionally drastic effects of submarine
karstification and tectonics of the Mediterranean.

2) High stratigraphic resolution. Sedimentation rates must be high enough to allow for a detailed
documentation of the transition into and out of the various sapropels as well as possible internal
variability within individual sapropels. High-resolution records are also important for accurate
cross-correlation of the multi-proxy records along the drilling transect.

3) Long stratigraphic range. Sapropels did form under very different global climatic settings. For
instance, between 800 k.y. and 1 Ma the period of glacial-interglacial climate cycles shifted from
40,000 years to 100,000 years (e.g., Ruddiman et al., 1989). Numerical simulations which are
constrained by paleoclimate data indicate that monsoons as strong as today occurred only after 7
to 8 Ma when the elevation of the Himalayas and the Tibetan plateau has risen to about half their
modern elevation. Documentation of sapropel formation before, across, and after these periods
of changing environmental boundary conditions is needed to pin down the influence of these
parameters on the formation of sapropels. The APC coring must be conducted at least into the
Miocene.

4) Optimum areal coverage. The drill sites must cover the entire Mediterranean basin in order to
permit evaluation of paleoceanographic, paleochemical, and paleontological zonality and
teleconnections throughout the entire basin. Key locations are close to the Nile cone (but far
enough away from it to avoid its turbidites) as a freshwater source, the Strait of Sicily as the
seaway determining water mass exchange between the eastern and western basins, an Alboran
Sea site as the watchdog for Atlantic-Mediterranean water exchange, and central western and
eastern basin sites to document pelagic environments between these hydrographic boundary end
members.

In order to ensure highest-quality information on the depositional environment during sapropel
formation, sampling density of the sapropel layers, as well as the "normal" sediments immediately
below and above the sapropels, must be on scales of centimeters to millimeters. Such high
sampling resolution is essential for determining the factors that have led to the formation of the
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sapropels and which have helped in maintaining an environment favorable for the formation of
sapropels over time scales of 102 to 103 years. Triple HPC/APC coring may be necessary to allow
such intense sampling at the proposed eastern Mediterranean sites where sapropels do occur.

PROPOSED SITES
Tectonic Objectives

Proposed site MR-1 on the incoming sediment section will provide the reference section for the
post-evaporitic sediments. Recognition of depositional environments (terrigenous turbiditic, pelagic
turbiditic, hemipelagic, and pelagic) during the last 5 m.y. and the possibility of timing their
changes through the high resolution biostratigraphic record of the Plio-Pleistocene of the eastern
Mediterranean (Blechschmidt et al., 1982) will allow us to identify precursors of tectonic activity of
the Mediterranean Ridge in the sedimentary section. In addition, lithostratigraphic markers and
biostratigraphic events (anoxic layers, mega-turbidites, ash layers, faunal changes due to
paleoclimatic modifications) will be identified, dated, and correlated with the sites on the
deformation front, thus dating tectonic events. Proposed site MR-1 will reach the top of the
shallow-buried tectonic structure called Victor Hensen Seahill, where seismic evidence indicates
that the evaporites are absent. Therefore, the site represents a window on pre-evaporitic sediments
that will allow us to determine the depositional environment on the structure before the Late
Miocene and, hopefully, indications of the tectonic environment at the time of deposition.

Proposed site MR-2 on the lower deformation front will provide a sedimentary section that has been
progressively uplifted on the Mediterranean Ridge during the outward propagation of the
deformation front. A change in the sedimentary record is expected from terrigenous turbiditic
sediments (abyssal plain deposition) to slump and debris flow deposition as a marker of the initial
deformation, to hemipelagic or pelagic turbiditic after uplift on the slope has been completed.
Similar sequences of sedimentary events related to the tectonic evolution of the deformation front
have been identified by Kastens et al. (1992) on the Sirte Deformation Front. The changes in
depositional environment will be dated through correlation with marker beds identified in the
abyssal plain section or with well known markers of the Mediterranean Ridge biostratigraphic
record.
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Additionally, the physical properties and the structural fabric recorded at this site will be compared
with that at the abyssal plain site to determine whether tectonic stress of the ridge is transmitted to
post-evaporitic sediments (in this case anomalous reduction of porosity and development of
foliation fabric in the sediments will occur) or confined to pre-evaporite sediments due to the
presence of the physical barrier of the plastic salt body (in this case no changes in physical
properties and structural fabric are expected between abyssal plain and lower deformation front
sites). In the latter case, the outward growth of the deformation front would occur as passive, time-
progressive uplift of post evaporite sediments, while shortening would occur within the pre-
evaporitic section. The influence of the salt body on the mechanical development of an accretionary
prism could thus be evaluated.

Proposed site MR-3 on the upper deformation front will provide a third point of correlation among
litho- and bio-stratigraphic markers in identifying changes in depositional environment (being, first,
the present day position of the deformation front and, second, the site on the lower deformation
front). The rate of outward growth and uplift of the deformation front of the Mediterranean Ridge
is, in fact, supposed to be constant during the post-evaporites evolution (Kastens, 1991).
Identifying the position of the deformation front in three locations during the post-evaporite
deposition time span will allow to compare deformation rates among the three transects, and will
provide constraints for the development of a comprehensive model of sediment accretion on the
Mediterranean Ridge. In addition, this site has been chosen to intercept the first fault planes that
apparently cut across the evaporite layer on the upper deformation front. Recovery of sediments
across the fault zone will allow us to establish if the fault is active (mainly through geochemical
anomalies) and if there is a substantial change in the physical properties and structural fabric among
these sediments, the undeformed sediments of the abyssal plain, and the sediments of the lower
deformation front. Again, the development of faults across the salt body will allow us to determine
the propagation of stress and deformation across a plastic salt layer in an context of sediment
accretion.

Mud Voleano

Proposed site MV-1 will be drilled on the flank of the mud volcano to sample and date deep mud
sills propagating outside the mud conduit, and to obtain a detailed section of the physical properties
within the mud volcano and as much information as possible on the chemical composition of the
interstitial fluids of the diapiric material in order to evaluate depth of origin, fluid migration paths,
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and diagenetic alterations. From a geochemical point of view, the site has been incorporated in the
Katia transect, since it represents a window to the deep fluid composition along the inner
deformation front.

Eratosthenes Seamount

Proposed sites ESM-1 to -4 are located on the southern peak of the seamount to the deformation
front at the foot of the Cyprus continental slope and will allow us to identify the tectonic phases that
led to the present structure of the seamount through the identification of depositional environments
(deep vs. shallow water), to sample the sediments of the collisional trough to identify the sediment
source (e.g., from Troodos and Mamonia complexes vs. Nile sources), and to evaluate the rate of
vertical motion of different structures along the convergent boundary and the rate of subsidence of
the colliding continental crust trough transition of sedimentary facies on the seamount. The
scientific objectives addressed by the transect of holes across the Eratosthenes Seamount also
include paleoceanographic and paleoenvironmental themes that aim at understanding the non-
evaporitic Messinian depositional environment and the areal distribution of anoxic marker beds in
the Plio-Quaternary record of the eastern Mediterranean.

Paleoceanographic Objectives

A Bannock SCS line exists over proposed site MedSap 2B. Core BAN89-10GC (total length 5 m)
which was taken close to the location of proposed site MedSap 2B, retrieved 6 sapropels and
implies average sedimentation rates of 2 cmk.y.-1.

Proposed site MedSap 3 is located at the Calabrian Ridge, on the Pisano Plateau between Beato
Angelico Trough and Raffaello Basin. This site is at the location of core KC01B, taken during the
MARFLUX program. Core KCO01B (total length 37 m) goes back to the early Pleistocene. First
results of micropaleontological and sedimentological studies show that core KCO1B contains 11
sapropels and 3 magnetic reversals, and that the planktonic foraminiferal assemblage nicely tracks
the Quaternary climatic cycles.
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The MedSap 4 proposed sites are on the Gela Bank in the Sicily Channel and will be used as the
watchdog for water mass exchange between the eastern and western Mediterranean basins. By and
large, the Sicily Channel marks the borderline between sapropel-bearing sediments in the east and
sapropel-free sediments in the west. Proposed site MedSap 4A is at the location of cores MT 7 and
MT 9 which retrieved 4.7 m of pelagic sediments each. Proposed site MedSap 4C, an alternate site
to MedSap 4A, is at the location of core MT 11 which retrieved 10 m of pelagic sediments. Initial
inspection of the core and preliminary micropaleontologic results reveal distinct variations of the
foraminiferal assemblage which indicates glacial and interglacial stages.
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Figure 1A. Tectonic scheme of the eastern Mediterranean collisional margin and location of proposed sites on the
Outer Deformation Front of the Mediterranean Ridge, the Eratosthenes Seamount, and the mud volcano.
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Figure 1B. Proposed site locations to investigate the origin of sapropels in the eastern Mediterranean. Proposed
sites in the western Mediterranean (Leg 162), where sapropels did not form, will be used as reference sites.
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Figure 2. Generalized lithospheric cross section of the western portion of the eastern Mediterranean (Ionian and Sirte).
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Figure 3. Position of Victor Hensen Structure (dashed line, including the Victor Hensen Seahill (VHS)) and Ionian
Deformation Front (dotted line).
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Figure 4. Simple model of mud diapir intrusion indicating a depth of provenance of at least 600 mbsf, thus from

well below the Messinian evaporites. br: diapiric mud breccias; hem: hemipelagic host sediments; ev: Messinian
evaporites; ?: source area.

41°

-5° 0° 52 10° 15° 20° 25° 30° 35°

Figure 5. Modelled distribution of nutrients (given in units of mg atNm-3) in the Mediterranean. Due to the
physical circulation input parameters, nutrient concentrations - and thus, primary productivity - are highest in the
western Mediterranean. If sapropel formation was driven by higher rates of primary production in the eastern

Mediterranean, what caused the redistribution of nutrients from the western to the eastern basin? Courtesy of Renzo
Mosetti, Osservatorio Geofisico Sperimentale Trieste.
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Figure 6. Distribution of eastern Mediterranean sapropels as a function of (A) global climate and (B) the orbital
monsoon index sensu Rossignol-Strick (1983).
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Figure 7. Schematic diagrams showing modern and hypothetical past circulation patterns of the Mediterranean Sea.
(A) Modern anti-estuarine system. (B) Estuarine system. (C) Stagnant “anoxic™ system. Scenarios (B) and (C) would
have promoted the formation of sapropels through either enhanced preservation of organic carbon due to bottom water
anoxia or through enhanced rates of biological productivity in the surface waters which would have led to increased
fluxes of organic carbon to the seafloor.
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Core MD 84641, Eastern Mediterranean
(33°02'N, 32°38'E. 1375 m)
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Figure 8. Stable isotope records (G. ruber, §180, §13C), organic carbon content (percent by weight), carbon isotope
composition of the organic fraction (813Cyrg), and carbon/nitrogen ratios along Core MD84641 in the eastern

Mediterranean. Data from Fontugne and Calvert (1992).
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TABLE 1

PROPOSED SITE INFORMATION
and
DRILLING STRATEGY

SITE: MR-1 PRIORITY: POSITION: 35°42.1'N, 18°21.2'E
WATER DEPTH: 4100m SEDIMENT THICKNESS: 5100m TOTAL PENETRATION: 300m
SEISMIC COVERAGE: MCS - OGS line MS-21 and MS-112 - Cruise MEDRAC (Valdivia)

Objectives: Ionian Abyssal Plain. To sample the incoming sediment section. To sample the top of the buried
Victor Hensen Structure. To determine the influence of salt on fluid circulation.

Drilling Program: APC and XCB coring.
Logging and Downhole Operations: Heat flow measurements.

Nature of Rock Anticipated: Ooze, clay, sand, and mudstone.

SITE: MR-2 PRIORITY: POSITION: 35°46.8™N, 18°42.8E
WATER DEPTH: 3950m SEDIMENT THICKNESS: 5100m TOTAL PENETRATION: ~ 200m
SEISMIC COVERAGE: MCS - OGS line MS-21 and MS-112 - Cruise MEDRAC (Valdivia)

Objectives: Ionian Deformation Front. To sample the uplifted sediments. To calculate deformation rates. To
determine the influence of salt on fluid circulation,

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations: Heat flow measurements. Standard geophysical tool and geochemical tool
with RCB hole.

Nature of Rock Anticipated: Ooze, clay, and sand.

SITE: MR-3 PRIORITY: POSITION: 35°46.8'N, 18°56.0E
WATER DEPTH: 3700m SEDIMENT THICKNESS: 5100m TOTAL PENETRATION: ~ 200m
ISEISMIC COVERAGE: MCS - OGS line MS-21 and MS-112 - Cruise MEDRAC (Valdivia)

Objectives: Ionian Deformation Front. To sample the uplifted sediments. To calculate deformation rates. To
determine the influence of salt on fluid circulation.

Drilling Program: APC and XCB coring.
Logging and Downhole Operations: Heat flow measurements.

Nature of Rock Anticipated: Ooze, clay, and sand.
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SITE: MV-1 PRIORITY: POSITION: 33°43.7'N, 24°41.8'E
WATER DEPTH: 1900m SEDIMENT THICKNESS: kms TOTAL PENETRATION: 200m
SEISMIC COVERAGE: R/V Geledzhic (Izmir, June 25 - Istanbul July 15 1993) - TBP

Objectives: Olimpi. To date intrusion of the mud volcano. To sample deep-fluid composition. To obtain physical
properties of the mud volcano.

Drilling Program: XCB and RCB coring.

Logging and Downhole Operations: Heat flow measurements. Standard geophysical tool and geochemical tool
with RCB hole.

Nature of Rock Anticipated: Mud breccia and ooze.

SITE: ESM-1 PRIORITY: POSITION: 33°38'N, 32°40'E
WATER DEPTH: 750m SEDIMENT THICKNESS: kms TOTAL PENETRATION: 250m
SEISMIC COVERAGE: MCS - BEICIP lines B-14 and B-28 and OGS line MS-54.

Objectives: Eratosthenes Seamount. To obtain information regarding the vertical motions and erosional patterns on
the highest peak of the seamount and indications for lateral variation in redox potential of sapropels.

Drilling Program: APC and XCB coring.
Logging and Downhole Operations: Heat flow measurements.

Nature of Rock Anticipated: Plio-Pleistocene unconsolidated sediments.

SITE: ESM-2 PRIORITY: POSITION: 33°52'N, 32°44'E
WATER DEPTH: 1500m SEDIMENT THICKNESS: kms TOTAL PENETRATION: 150m
SEISMIC COVERAGE: MCS - BEICIP lines B-14 and B-28 and OGS line MS-54.

Objectives: Eratosthenes Seamount. To evaluate the depositional environment, sediments sources, and vertical
motions close to the northern edge of the African Plate during incipient collision with Eurasia (Cyprus).

Drilling Program: XCB and RCB coring.
Logging and Downhole Operations: Heat flow measurements. Formation microscanner.

Nature of Rock Anticipated: Plio-Pleistocene unconsolidated sediments and Miocene rock.

SITE: ESM-3 PRIORITY: POSITION: 34°05'N, 32°45'E
WATER DEPTH: 2600m SEDIMENT THICKNESS: kms TOTAL PENETRATION: 500m
SEISMIC COVERAGE: MCS - BEICIP lines B-14 and B-28 and OGS line MS-54.

Objectives: Eratosthenes Seamount. To trace sediment sources in the collisional trough and to determine the history
of the Plio-Pleistocene series, including the sapropels.

Drilling Program: APC and XCB coring.
Logging and Downhole Operations: Heat flow measurements.

Nature of Rock Anticipated: Plio-Pleistocene unconsolidated sediments.
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SITE: ESM-4 PRIORITY: POSITION: 34°11'N, 32°46'E
WATER DEPTH: 2000m SEDIMENT THICKNESS: kms TOTAL PENETRATION: 300m
SEISMIC COVERAGE: MCS - BEICIP lines B-14 and B-28 and OGS line MS-54,

Objectives: Eratosthenes Seamount. To penetrate the collisional front and locate the boundary between Africa and
Cyprus and to determine the depositional environments and sedimentary events near the collisional front.

Drilling Program: APC, XCB, and RCB coring.

Logging and Downhole Operations: Heat flow measurements. Standard geophysical tool and geochemical tool
with RCB hole.

Nature of Rock Anticipated: Plio-Pleistocene unconsolidated sediments.

SITE: MedSap 2B PRIORITY: POSITION: 33°45.1°N, 24°42.3’E
WATER DEPTH: 1930m SEDIMENT THICKNESS: 150m TOTAL PENETRATION: 150m
SEISMIC COVERAGE: TREDMAR III and BAN-89a Line 0/33 kHz

Objectives: To recover complete sediment sections on a structural high with known occurrences of late Quaternary
sapropels. This site represents the central tie-point of the paleoenvironmental transect.

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated:Calcareous muds and oozes, tephra, and sapropels. Evaporites below 80 m.

SITE: MedSap 3 PRIORITY: POSITION: 36°15.3’N, 17°44.3’E
WATER DEPTH: 3640m SEDIMENT THICKNESS: * TOTAL PENETRATION: *
SEISMIC COVERAGE: N/O URANIA

* To be determined.

Objectives: This site is located on the Calabrian Ridge on the Pisano Plateau between the Beato Angelico Trough
and Raffaello Basin and is a crucial site for establishing land-sea correlations. Deep coring has recovered several old
sapropel layers (>S12).

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated: Calcareous muds and oozes, tephra, and sapropels (in existing Core KCO1B).

SITE: MedSap 4A PRIORITY: POSITION: 37°01.9°N, 13°10.9°E
WATER DEPTH: 470m SEDIMENT THICKNESS: 300m TOTAL PENETRATION: 300m
SEISMIC COVERAGE: Tyro Lines SC4, MT7, and MT9, MCS G82-142 and -121C.

Objectives: To establish current regimes across the Strait of Sicily during sapropel deposition. This site is critical
for land-sea correlation of the Pliocene-Quaternary sections.

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated: Calcareous muds and oozes, turbidites, tephra, and sapropels.
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OR

SITE: MedSap 4C PRIORITY: POSITION: 37°03.9'N, 13°15.3'E
WATER DEPTH: 502m SEDIMENT THICKNESS: 450m TOTAL PENETRATION: 450m
ISEISMIC COVERAGE: Tyro Lines SC7, and MT11, and MCS G82-122.

Objectives: To establish current regimes across the Strait of Sicily during sapropel deposition. This site is critical
for land-sea correlation of the Pliocene-Quaternary sections.

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated: Calcareous muds and oozes, turbidites, tephra, and sapropels.
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ABSTRACT

Leg 162 represents the second in a two-leg program to investigate the tectonic and
paleoceanographic history of the Mediterranean Sea and focuses upon the evolution of the Alboran
Sea, a typical "Mediterranean backarc basin", and the origin of sapropels, laminated organic-rich
layers deposited in the eastern Mediterranean Basin. The cause of the extension in basins such as
the Alboran Sea Basin, and the rapid evolution of a collisional zone into superimposed regions of
extension and adjacent contraction, has not yet been adequately explained and the Alboran Basin
presents an ideal situation to investigate the competing hypothesis. The Neogene extensional basin
beneath the Alboran Sea developed behind an arc-shaped mountain belt and is located on the site of
Late Cretaceous/Paleogene orogen generated from collisional stacking. The region straddles the
boundary between the European and African plates which converged during the Neogene; the basin
thus formed in an overall environment of plate convergence. During the Miocene, the migration of
the arcuate mountain front may have been nearly coeval with extension in the inner part of the arc
that resulted in crustal attenuation and basinal spreading on the Alboran Domain. The basin formed
from early Miocene onwards, whereas, outside the arc, the thrusting processes continued.

In order to determine the influence of the various factors on sapropel formation, we must obtain
multi-proxy records along an east-west transect across the entire Mediterranean and synoptically
map the hydrographic and climatic conditions throughout the Mediterranean both at the sites of
sapropel formation in the eastern basin and at sites in the western basin where no sapropels
formed. During Leg 161, drilling will be conducted at the easternmost sites (proposed sites
MedSap 2B, 3, and 4) and Leg 162 will concentrate on sampling the westernmost occurrence of
sapropels and areas in the western part of the basin where no sapropels formed (proposed sites
MedSap 5, 6, and 7). Only this Mediterranean-wide data base will allow us to determine the
driving force behind sapropel formation at different times, and how the Mediterranean's physical
circulation and chemical cycling preconditioned the eastern basin towards sapropel formation.
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INTRODUCTION
Extensional Basins in Collisional Settings: The Scientific Problem

Much of the Mediterranean region is underlain by Neogene extensional basins that are located on
the sites of Late Cretaceous to Paleogene orogens generated by collisional stacking (Fig. 1A), and
surrounded by highly arcuate thrust belts that were active before and during extension in the
basins. They are in some ways analogous to the marginal basins of the western Pacific and
western Atlantic oceans, which form by extension behind island arc/trench systems, but they differ
in several important respects: they are smaller, the basins are largely floored by extended
continental crust, and in several cases the surrounding convergent arcs are also largely intra-
continental. These attributes characterize the so-called "Mediterranean backarc basins" (Horvath
and Berckhemer, 1982). The Aegean and southern Tyrrhenian Basins are most closely comparable
to marginal basins in that they lie above clearly defined subduction zones with attendant island arcs
(the Aeolian and Hellenic Arcs), and the Tyrrhenian Basin may be locally floored by quasi-oceanic
crust (Kastens et al., 1988). The evolution of the North Balearic Basin may also have been
analogous to western Pacific backarc basins: it is generally accepted that the Paleogene-Neogene
extension of the North Balearic Basin (Ligurian Sea), the anti-clockwise rotation of Sardinia, and
the subduction of residual Mesozoic Tethyan oceanic crust beneath the island occurred
contemporaneously. In the case of the northern Tyrrhenian Sea, the Pannonian Basin, or the
Alboran Sea, however, there is no clear geophysical evidence to support subduction of oceanic
lithosphere during the period of extension in the basin. The directions of extension in the basins,
and of relative convergence in the surrounding arcs, vary markedly, and show no direct
relationship to the overall relative motion of the African and Eurasian plates that bound these
systems. There is no general agreement about the causes of extension in the basins, and the rapid
evolution of a collision zone into superimposed regions of extension , adjacent contraction and arc
migration has not yet been adequately explained.

As far as the origin of the basins is concerned, some authors have emphasized the role of
anomalous mantle diapirism, the extensional locus of the basin being static (Van Bemmelen, 1972;
Weijermars, 1985; Wezel, 1985; Doblas and Oyarzun, 1989), whereas others consider that the
basinal extension is contemporary with the subduction, similar to the western Pacific backarc
model (Biju-Duval et al., 1978; Rehault et al., 1985; Dercourt et al., 1986; Malinverno and Ryan,
1986; Kastens et al., 1988). Removal and detachment of the thickened mantle lithosphere during
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the last episode of the convergent process has been invoked to explain the subsequent lithosphere
thinning superimposed on the collision zone, either by delamination (Bird, 1979) or by convection
(Houseman et al., 1981). To explain extensional basins postdating and superimposed on
continental collision sutures, Channel and Mareschal (1989) suggest that the rapid evolution of the
collision suture into a zone of rifting, and the development of closely juxtaposed region of
compression and extension, can be explained by a mechanism involving collision-induced
delamination (“subduction’) of continental mantle lithosphere. Their models for the Tyrrhenian
Basin-Calabrian Arc show that asymmetric lithospheric thickening generates asymmetrical flow in
the underlying mantle, and extension and contraction in contiguous regions.

Several conflicting hypotheses on the origin of the Alboran Sea have been the subject of various
papers, however, most of them are poorly supported by data with regard to the extensional
mechanism and kinematics causing the crustal attenuation of the Betic-Rif orogen and the formation
of the Alboran Basin. Below, we briefly discuss the two, most accepted, hypotheses that best fit
the structural organization of the region.

Platt and Vissers (1989) suggest that convective removal of a thickened lithospheric root could
explain the formation of the Alboran extensional basin, on the site of a former collisional orogen
(Fig. 2). In this hypothesis, the thickened ridge above, with no supporting lithospheric root below,
is not supported isostatically, so, the ridge can begin to collapse and force thrust sheets outward,
to condition radial emplacement of thrust-nappes around the Alboran Sea Basin. After that, the
lithosphere can subside thermally to generate the Alboran Basin. In this model, extension is
invoked to drive the peripheral compressive events, and therefore rifting in the Alboran Basin
predates peripheral collision.

Garcia-Dueiias et al. (1992) and Comas et al. (1993) envisage a different scenario for the origin of
the Alboran Basin-Gibraltar Arc, based on the concept of asymmetric delamination of the
lithosphere mantle (Channel and Mareschal, 1989), that produced not radial, but preferential
migration of the arcuate mountain front (the Gibraltar Arc) to the west-southwest (Fig. 3). This
hypothesis suggests that the westward progression of the mountain front (with thickened crust)
obliterated a thinned crust at 30-20 Ma, and that the collision between the mountain front and the
adjacent continental margins (Maghrebian and South Iberian) to form the Gibraltar Arc occurred at
21 Ma (Fig. 3 A to B). When asymmetric delamination (because the offset of lithosphere
thickness) became active, crustal thinning in the “back-arc” region started. Later (by 16 Ma, Fig.
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3C), the extension propagated west-southwest and reached the Gibraltar Arc (extension
superimposed on a former contraction) and the contraction propagated outward towards the paleo-
margins (Fig. 3B to C). This hypothesis relates the initial crustal thinning in the Alboran Basin
and the preferential westward migration of the Gibraltar Arc (between 21 and 16 Ma), with the
origin of the South Balearic Basin. From 16 to 7 Ma, preferential westward migration of the locus
of extension conditioned additional crustal thinning in the Alboran Sea region (Fig. 3C to D).
Therefore, rifting in the Alboran Basin continuously postdated collision.

The processes discussed above operate to some extent independently of plate tectonics, and
improved understanding of their nature and causes are vital to the development of a truly global
tectonic theory. The Alboran Basin is a clear cut, well-defined, and well-studied example of an
extensional basin that developed in a collisional setting, where these competing hypotheses can be
fully investigated.

The Origin of Sapropels

The Mediterranean sapropels represent paleoceanographic windows through which we may study,
in great detail, key processes which lead to the burial and preservation of carbon at the sea floor in
relation to marine chemical cycling and physical water mass circulation. In view of the existence of
similar facies in other marginal seas and even the open ocean (Japan Sea, Black Sea, equatorial
Pacific; see above), it is evident that gaining knowledge about these processes is crucial to gain a
better understanding of how the ocean carbon cycle operates.

The FY95 Leg 161 prospectus (this report) details the rationale, background, objectives, and
drilling strategy for the proposed investigation of sapropel formation in the Mediterranean. The
reader is referred to this prospectus for in-depth discussion. During Leg 162 (Fig. 1C), we will
continue the systematic stable isotope, geochemical, and micro-paleontological survey of the
Mediterranean sapropels in a concerted program using stable isotope stratigraphy and
paleoceanography (foraminiferal §180 and §13C), geochemical oxygen, nutrient and productivity
tracers (Ba, Br, Cd, I, Mn), carbon source biomarkers (long-chain alkenones, dinosterol,

plantwax lipids, 813Cqrg, 815N,rg), and microfaunal assemblage analysis.
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STUDY AREA
The Alboran Sea

The Alboran Sea forms the westernmost part of the Mediterranean, and is about 400 km long and
200 km wide (Fig. 1B). It is surrounded to the north, west and south by the Betic (Southern
Spain) and Rif (Morocco) compressional mountain chains, which connect around the Gibraltar
Arc. The system as a whole is bounded to the north and south by the Iberian and African
continental forelands, and to the east and west by the oceanic Balearic Basin and the Atlantic
Ocean.

Plate-motion studies by Dewey et al. (1989) suggest that this part of the Africa/Europe plate
boundary experienced about 200 km of roughly north-south convergence between mid-Oligocene
and Late Miocene time, followed by about 50 km of west-northwest-directed oblique convergence
in Late-Miocene to Recent time. The Alboran Basin therefore formed in an overall environment of
plate convergence. This convergent history is not directly reflected in the kinematics either of the
surrounding mountain chains, or of the extension in the Alboran Basin.

The Alboran Crustal Domain (Internal Zones) (Fig. 1B) of the surrounding Betic and Rifean
mountain chains represent the disrupted and extended fragments of a convergent orogenic belt
(Fig. 3) that evolved from Late Cretaceous to Early Miocene time (Balany4 and Garcia-Duefias,
1987, 1988; De Jong, 1991; Monié et al., 1991). Pre-Miocene convergence caused substantial
crustal thickening, accompanied by high-pressure low-temperature metamorphism (Bakker et al.,
1989; Tubia and Gil Ibarguchi, 1991; Gofé et al., 1989). The remains of this orogen affected by
Miocene extension probably also underlie much of the Alboran Sea itself, and sampling of the
basement beneath the basin is therefore one of the priorities of our proposed drilling program.
Onshore, extensional detachment systems and fault-bounded sedimentary basins of Miocene age
are superimposed upon the continental collision structures (Balany4 and Garcia-Duefias, 1987,
Galindo et al., 1989; Garcia-Duefias and Balany4, 1991; Platt and Vissers, 1989; Garcia-Duefias et
al., 1992), and this extensional phase was accompanied by a distinctive low-pressure high-
temperature metamorphic event (Torres-Roldén, 1979, 1981; Zeck et al., 1992). The crustal
thinning over much of the region, both on- and offshore, is likely to be a result of this phase of
extension (e.g., Van der Beek and Cloething, 1992).
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Both the Iberian and Maghrebian continental margins and the Flysch Trough Units (Fig. 1B)
(Betic- Rifean External Zones) reflect continued crustal shortening during the Miocene on the
Iberian and African continental margins surrounding the Alboran Domain, while crustal extension
occurred on the Alboran Domain itself. Shortening began in the basal Aquitanian (Early Miocene),
apparently almost coevally with the beginning of extension in the internal parts of the system, and
continued into the Late Miocene. Shortening directions vary from northwest in the Betic Cordillera
(Banks and Warburton, 1991), to west in the Gibraltar Arc region (Balany4 and Garcia-Dueiias,
1987, 1988) to west-southwest in the Rif (Frizon de Lamotte, 1987).

From the whole region, we can postulate that during the Early to Middle Miocene, the migration of
the arcuate mountain front was nearly coeval with the extension in the inner part of the arc that
resulted in crustal attenuation and basinal spreading on the Alboran Domain. In such a way, the
Alboran Basin formed from Early Miocene onwards,whereas outside the arc thrusting processes
continued. Schematic true scale sections across the Alboran Sea and adjacent mountain belts to
illustrate the position of the basin in a convergent orogenic setting are in Fig. 4.

The Alboran Sea is underlain by continental crust between 14 and 25 km thick (e.g., Banda et al.,
1983). Commercial wells and DSDP Site 121 established that the crust in those locations is made
up of metamorphic rock closely related to that exposed in the nearby Betic and Rifean mountain
chain. A sample of cordierite-sillimanite schist from DSDP Site 121 gave a K/Ar age of 16 Ma
(Kornprobst, 1973; Steiger and Frick, 1973), suggesting rapid exhumation of high-grade
metamorphic rocks beneath the Alboran Sea, comparable to that seen onshore (Zeck et al. 1992).

The Alboran Sea has a complex morphology, with several sub-basins, ridges, banks, and
platforms (Fig. 5A). A sedimentary cover of Miocene to Recent sediments, 1-7 km thick (Comas et
al., 1992; Jurado and Comas, 1992), occupies the various sub-basins. One of the ridges, the
Alboran Ridge, is locally emergent, forming the small island of Albor4n, with exposures of
volcanic rock. The structure of the Alboran Basin (Fig. 5B) results from superimposed tectonic
stages in basin evolution (Comas et al., 1992, 1993). Earlier structures correspond to extensional
grabens of several rifting episodes (from earliest Burdigalian ? to early Tortonian ?). Magmatic
events and mud diapirism were related to rifting. Later structures testify to a post-rift north-south
contraction, involving folding and strike-slip faulting (e.g., de Larouziére et al., 1988; Mauffret et
al., 1987; Woodside and Maldonado, 1992) which conditioned the present day sea-floor
morphology. The last faulting episode took place by the Early Pliocene (?) and is related to basin
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subsidence or collapse (?) during the Pliocene-Quaternary. This episode is believed to have
influenced the location of the present day coastline. Aeromagnetic anomaly maps (Galdeano et al.,
1974) suggest a pattern of volcanic ridges within the basin, and late Serravalian to Pliocene
volcanics of various alkaline and calc-alkaline types (Bellon et al., 1983; Hernéndez et al., 1987)
are exposed onshore and have been detected offshore (Comas et al., 1990a, b, 1992). These
characteristics are consistent with an origin of the basin by rifting, extension, and subsidence in
Neogene times.

The mantle beneath the Alboran Sea shows anomalously low seismic velocities, around 7.6-7.9
km/sec (Banda et al., 1983), at a relatively shallow depth. Two powerful earthquakes at about 600
km depth beneath Granada have been interpreted by Grimison and Chen (1986) as indicating the
presence of a detached fragment of sinking lithosphere. Marked positive gravity anomalies along
the coast (e.g., Bonini et al., 1973) suggest that mantle material locally approaches the
surface.These anomalies are spatially associated with the Ronda and Beni Bousera outcrops of
mantle peridotite onshore. The origin and significance of these bodies is the subject of considerable
debate. They have been interpreted as a deep-rooted body (Bonini et al., 1973; Weijermars, 1985;
Doblas and Oyarzun, 1989), but the field evidence suggests that they form an allochthonous sheet
of mantle rock interleaved with crustal rocks (Lundeen, 1978; Dickey et al., 1979; Tubia and
Cuevas, 1986; Balany4 and Garcia-Duefias, 1991). Recent gravity modelling of the Ronda
peridotites body (Torné et al., 1992) supports this interpretation. Additional offshore geophysical
data and drilling in their vicinity may help to discriminate between these ideas.

Circulation and Water Mass Distribution in the Mediterranean Sea

The Mediterranean's physical circulation is mainly driven by the surface wind field and modulated
by its complex bottom topography. Its principal features resemble those of an open-ocean sub-
basin (100-km-scale) and mesoscale (10-km-scale) eddy circulation which is driven by seasonal
winds and thermohaline gradients. This circulation pattern defines the distribution of nutrients in
the Mediterranean, which tend to be highest in the western basin and lowest in the eastern basin
thus leading to inter-basin differences in primary production (Fig. 6). Inflowing Atlantic waters
influence the Mediterranean's physical circulation and define the biogeochemical and physical
inventory of the upper layer (50 m) which drives the primary production in the Mediterranean and
controls the flux of biologically-cycled constituents to the seafloor and into the sediments. The
close connection between the Mediterranean's general circulation and the asymmetric distribution

209



...Leg 162 - Mediterranean Sea II...

of trophic levels between its western and eastern basins points to the importance of understanding
the past variability of the Mediterranean's physical oceanography as a whole so as to unravel the
origin of sapropel formation in the east. The FY95 Leg 161 prospectus (this report) provides a
more detailed coverage of this topic.

Formation of Mediterranean Sapropels

Sapropel formation occurred basin-wide within the eastern Mediterranean throughout Miocene-
Pliocene-Pleistocene times. Correlation with standard oxygen isotope stratigraphy provides an
excellent framework to evaluate the occurrence of the upper Pleistocene sapropels with respect to
the state of global climate (Fig. 7). Apparently, sapropels formed rather unsystematically during
full-glacial stages (sapropels S6, S12), full-interglacial stages (sapropels S8, S10, S11), and
during interstadial stages (e.g., Vergnaud-Grazzini et al., 1977; Cita et al., 1977). A more
systematic correlation has been obtained between the distribution of sapropels and maxima of the
so-called orbital insolation monsoon index (Rossignol-Strick, 1983) (Fig. 7). The reader is
referred to the FY95 Leg 161 prospectus (this report) for more detailed discussion of the following
topics.

The Deep-Water Stagnation Hypothesis

According to traditional thinking, preservation of organic carbon should be enhanced during
oceanic anoxia. The most viable means to deplete oxygen in deep waters is by way of extremely
strong gravitational stability of the water column; this would shut off thermohaline overturn and
thus terminate deep water ventilation (Fig. 8). Strongest support for this model comes from
negative oxygen isotope anomalies recorded in planktonic foraminifera which are associated with
the sapropels (e.g., Williams et al., 1978; Vergnaud-Grazzini, 1986). These anomalies imply the
existence of a low-salinity and, thus, low-density surface layer in the eastern Mediterranean at
times of sapropel deposition.

This stagnation hypothesis has been recently questioned for several reasons. First, the modern
Mediterranean receives largely all of its waters from inflowing Atlantic surface-subsurface waters,
which are intrinsically nutrient-depleted (Fig. 8). Thus, overall nutrient concentrations are low and
the Mediterranean is an oligotrophic system in which no major productive areas exist (e.g.,
Murdoch and Onuf, 1974). At this low rate of biosynthetic marine organic carbon input,
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sedimentary organic carbon concentrations would barely reach the elevated levels observed in the
sapropels (Calvert, 1983). Second, areal mapping of the negative oxygen isotope anomalies
observed in sediment cores from around the Nile cone suggests that the low-salinity surface layer
extant during the formation of sapropel S1 was strongest in the immediate vicinity of the river
mouth, presumably because the fresh waters mixed rapidly with the highly saline waters of the
easternmost Mediterranean (Jenkins and Williams, 1984). Thus, the potential stabilizing effect of
the low-salinity surface layer could have been restricted to the area closest to the Nile cone,
whereas thermohaline overturn could have still prevailed in the easternmost Mediterranean. Third,
geochemical evidence indicates that the early-Holocene sapropel (containing up to 14% organic
carbon) in the Black Sea must have formed under well-ventilated, fully-oxic conditions (Calvert,
1990) and there are no sapropels forming there at present, even though the modern Black Sea is
regarded as the type fully-anoxic basin.

The Productivity Hypothesis

Enhanced rates of biosynthetic carbon fixation are well recognized to be the primary factor
controlling elevated levels of carbon in seafloor sediments. Organic carbon variations in sediment
cores from high-productivity areas of equatorial divergence and coastal upwelling systems have
been attributed to climate-controlled variations of primary productivity (Arrhenius, 1952; Pedersen,
1983; Miiller et al., 1983; Morris et al., 1984; Zahn et al., 1986; Lyle et al., 1988; Prahl et al.,
1989a, b; Sancetta et al., 1992). Estimates of the production rates needed to produce the carbon
concentrations of 5-15% at depth typically found in the eastern Mediterranean sapropels, are
similar to low to moderate primary production rates observed in the upwelling system off
Northwest Africa. Although new cadmium and barium data (Boyle and Lea, 1989) suggest some
possible contribution of riverine carbon input, other isotopic and geochemical tracers point to a
predominantly marine origin of the sapropel organic carbon (Sutherland et al., 1984; Smith et al.,
1986; ten Haven et al., 1987). Therefore, formation of the Mediterranean sapropels was probably
promoted by enhanced rates of marine productivity rather than increased supplies of terrestrial
carbon.

Several models have been put forward to explain how higher productivity levels in the otherwise
oligotrophic Mediterranean could have been brought about. It has been postulated, for instance,
that enhanced volumes of freshwater input during deglacial meltwater surges and/or monsoon-
controlled river floodings would have reversed the Mediterranean circulation towards an anti-

211



...Leg 162 - Mediterranean Sea II...

estuarine system (Fig. 8) (Sarmiento et al., 1988; Lohmann and Pride, 1989; Thunell and
Williams, 1989); however, this circulation reversal is in apparent contradiction with benthic
foraminiferal §13C signatures obtained from sediment cores to the west of the Strait of Gibraltar.
Rohling and Gieskes (1989) recently envisioned a causal link between the development of deep
chlorophyll maxima at the base of the euphotic zone and the formation of sapropels; however, this
model does not provide a unique solution to the problem of sapropel formation but has recently
been supported by quantitative analyses of calcareous nannofossil assemblages in eastern
Mediterranean sediment cores. Salient maxima of dinosterols and long-chain alkenones (Smith et
al., 1986; ten Haven et al., 1987) were used to infer that coccolithophorid and dinoflagellate
productivity was high during sapropel formation, thus pointing to the potential importance of
primary productivity for the formation of the Mediterranean sapropels.

SCIENTIFIC OBJECTIVES AND METHODOLOGY
Summary of Objectives

1) To better our understanding of the dynamics, kinematics, and deformation of the lithosphere,
particularly in regard to a) the development of extensional basins on collisional orogens, b) the
dynamics of the collapse of collisional ridges resulting in extensional basins surrounded by arc-
shaped orogenic belts, c) the brittle/ductile deformation of the lithosphere, the role of
magmatism , and of the upper mantle in crustal modification and lithosphere evolution, and d)
actual or sub-actual collisional processes.

2) To investigate the nature of the pre-existing crust, i.e. the Paleozoic to Triassic basement.

3) To develop a lithosphere model to accommodate the observed rifting system and establish a)
models for Miocene rifting, particularly to constrain the nature of the basement and the geometry
of rifting, b) the behavior of the locus of extension, ¢) the magnitude and timing of extensional
faulting, d) the nature of syn-rift versus post-rift subsidence and the pattern of total tectonic
subsidence, and e) the timing and role of volcanism during extension.

4) To investigate post-rift deformation, i.e.deformation during later subsidence, the Late Miocene

to Recent contractive reorganization, the transition to strike-slip recent tectonics, the role
of volcanism, and the recent collapse of the basin, i.e. the post-Miocene subsidence.

212



..Leg 162 - Mediterranean Sea II...

5) To determine the sedimentary sequence and establish the amplification of the Global Isotopic
Signal, the Late Miocene desiccation of the Mediterranean basins, and to calibrate the sea-level
signal.

6) To investigate the long-term history of sapropel formation in relation to the history of
atmospheric circulation and water mass variability in the Mediterranean, the inter-sapropel
geochemical variability as a function of different environmental boundary conditions, and the
water column redox conditions and (paleo-) productivity levels during sapropel formation.

Specific Tectonic Objectives and Methodology

Drilling in the Alboran Sea will shed light on an important current problem in understanding
convergent plate boundaries, that is the development of extensional basins on collisional orogens.
These basins formed from extreme attenuation of a continental crust, thickened from collisional
stacking, and developed from extension and basinal spreading in the inner part of an arcuate and
migrating mountain front. Drilling will systematically test the response of the crust to both
compressional and extensional forces.

Furthermore, the continental rift system that led to the development of the Alboran Basin provides
an opportunity to examine variation in the brittle/ductile deformation of the lithosphere, the variable
role of magmatism in rifting processes, and the role of upper mantle in crustal modification and
lithospheric evolution. The Alboran Basin, as a part of the Mediterranean Sea, can be considered as
a “natural laboratory” where actual or sub-actual collisional processes can be investigated. There is
no doubt that these investigations in the Alboran Sea will have immediate implications in
establishing models to explain the origin and evolution of the Western Mediterranean as well as
other "Mediterranean-type" backarc basins in the world.

Drilling cannot directly resolve arguments about the kinematics of deformation of the lithosphere,
or the dynamics of the process by which the Alboran Basin formed, but by providing accurate
information on the stratigraphic record, basin geometry, timing and nature of deformation, rates of
subsidence, and nature of the basin floor, it can usefully test the predictions of some of the
competing genetic hypotheses.To answer some of the questions, it is necessary to integrate
geological and geophysical data and results, not only from the Alboran Basin itself, but also from
the surrounding orogenic belt. This tectonically-oriented drilling program represents an effort to
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integrate detailed site surveys with onshore geological and geophysical data regarding the mountain
chains that surround the basin (the Alboran Basin basement outcrops within these chains) in order
to maximize the value of the drilling results.

The Nature of the Pre-existing Crust

Only by sampling the floor of the basin can we establish to what extent its development was
controlled by the pre-existence of a collisional orogen. Petro-structural and petrological studies
(metamorphic fabrics, PTT (pressure-temperature-time) path, and radiometric ages) of the
predicted-metamorphic basement rocks on the graben flank in the Western Alboran Basin
(proposed site ALB-1 or ALB-2) will determine the history of convergent tectonism, and their
affinity to a particular crustal domain, or units within those domains.

Rifting System and Rifting Processes - Lithosphere Model

If the continental floor of the basin has been greatly extended, metamorphic rocks may have been
exhumed from considerable depth within the crust along normal faults. The pressure-temperature
histories of basement rocks at proposed site ALB-1 (or ALB-2) also will reveal the rate and thermal
history of the extension (Buck et al., 1988; Ruppel et al., 1988; Voorhoeve and Houseman, 1988)
beneath the Alboran Sea. Only sampling by drilling the basement, can we determine if these
basement rocks belong to the hanging wall of the detachment systems outcropping on land, or to
the exhumed footwall (Fig. 2 or Fig. 3).

What was the geometry of the rifting process? Was extension symmetrical or asymmetrical at the
upper crustal level, and can we use the pattern of subsidence to determine the degree of asymmetry
in the lithosphere?. Was extension normal, parallel, or oblique to the east-west axis of the basin, or
did it vary spatially?. What is the role of multiple rifting events on basin evolution ? What rifting
geometry can explain the absence of lower crust in the orogen as suggested from refraction data ?
Was the locus of the extension fixed or was migrating during the basin evolution? What was the
relationship between extension in the Alboran Sea and in the adjacent South Balearic Basin?.
Drilling results on the timing of extensional faulting, combined with seismic data, can resolve these
questions, essential to understanding the whole western Mediterranean and other world-wide
basins with similar tectonic and geodynamic setting.
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What is the magnitude of the extension and how does it vary spatially within the basin ? What were
the relative proportions of syn-rift to post-rift subsidence, and can we interpret the subsidence data
in terms of finite rifting or other types of thermal models? Back-stripping of biostratigraphic data
from wells allows an estimate of the thickness of the crust to be made and compared to present day
estimates of the thickness based on seismic and gravity anomaly data. By comparing the calculated
and observed thicknesses we should be able to determine the initial thermal structure and elevation
and/or processes that modified the crust since rifting. Comparison with back-stripped subsidence
curves computed for onshore Betic Neogene basins (Cloething et al., 1992) will quantify the
extension for the Miocene Alboran Basin as a whole.

How long did extension last? Drilling the basin-fill sedimentary sequence is essential to provide
good stratigraphic control on extensional structures identified on seismic lines. Is the timing of
extension strictly coeval with development of compressional structures on surrounding chains? The
timing relations between rifting in the basin and convergence in the peripheral thrust belts is
essential to understanding the origin of the basin and its relation to the evolution of the orogenic
arc.

What was the role of volcanism during extension? There are indication from commercial wells and
seismic data that volcanic and volcano-sedimentary rocks intercalate into Middle Miocene to
Pliocene sediments in the basin fill. The age and chemistry of those volcano and volcanoclastic
levels within the sedimentary sequence will provide direct constraints on the thermal and structural
evolution of the underlying mantle (Lachenbruch and Morgan, 1990; Latin and White, 1990; White
and McKenzie, 1989).

Post-Rift Deformation

What was the extent of the continuing deformation in the basin during the post-Messinian
subsidence phase? Recent models for the extensional of collapse of collisional orogens (England
and Houseman, 1989) suggest that the tectonic style is closely related to the potential energy of the
system, and hence to surface elevation. The opportunity of comparative studies between the
elevated onshore part of the basin and the offshore part on the Alboran ridge offers unique
possibilities in this respect.
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What was the nature of the postulated Late Miocene to Recent contractional reorganization that
produced folding, strike-slip faulting, and pull-apart type structures in the basin ?

Specific Paleoceanographic Objectives and Methodology

Amplification of the Global Isotopic Signal, Late Miocene Desiccation , and Calibration of the
Sea-Level Signal

In the present day configuration, the Alboran Sea sits within one of the key oceanographic
gateways. Over the 132-m-deep Gibraltar sill, a surface water mass inflows from the Atlantic and a
deep water mass exits from the Mediterranean as a dense saline flow that is detectable as one of the
principal intermediate water masses in much of the North Atlantic. The earlier connections between
the Atlantic and Mediterranean and, before that, with Tethys have been controlled by the tectonic
evolution of this region and the Alboran Sea may not have been a direct gateway until after the
Messinian isolation of the Mediterranean (Adams et al., 1977). Nevertheless, comparative studies
of the development of Atlantic and Mediterranean water masses represent one of the prime targets
still to be addressed by paleoceanographers (Kennett, 1982). It will be possible to address a
number of important paleoceanographic objectives from sedimentary sequences at all the proposed
sites.

Apart from the ODP Leg 107 campaign in the Tyrrhenian Sea, no hydraulic piston coring has been
carried out in the Mediterranean. All of the sites proposed in the Alboran Sea are in present-day
pelagic or hemipelagic settings and will provide an integrated high-resolution stratigraphic record
for the Plio-Pleistocene. Bio- and magneto-stratigraphic analyses can be carried out for integration
with the oxygen isotope record and then can be refined by the suite of core logging techniques now
available to shipboard scientists. Vergnaud Grazzini and Pierre (1991) have drawn attention to the
amplification of the isotope record in the enclosed Mediterranean through studies of surface piston
cores from the Alboran Sea. The evolution of this amplified signal since the onset of Northern
Hemisphere glaciation will be targeted during Alboran drilling.

DSDP Leg 13 and 42A addressed the phenomenon of the Late Miocene desiccation of the
Mediterranean basins (Ryan, Hsii et al., 1973; Hsii, Montadert et al., 1978). Key sites in the
confirmation of the deep-water desiccation hypothesis were DSDP Sites 372 on the Menorca Rise
and DSDP Sites 375 and 376 on the Flores Rise, west of Cyprus, which penetrated the feather
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edge of the Messinian evaporite sequence (Hsii et al., 1977). Cover recovery at the onset of
evaporite conditions and at the Mio-Pliocene boundary was crucial to the debate. Further recovery
of undisturbed material over these intervals at other locations within the Mediterranean is needed to
allow more detailed studies of these important paleoceanographic boundaries. The Alboran drill
sites will penetrate the Messinian erosional unconformity (M) of the feather edges of the Upper
Messinian sequences, ensuring that the upper evaporitic and Main Salt sequences are avoided,
offering prime sites for continuation of these paleoceanographic studies.

The extensive suite of MCS and high-resolution SCS profiles that we have available in this area
has allowed detailed mapping of reflectors throughout the Alboran sub-basins and onto the thick
sequences of the margins. A seismic stratigraphy has been established for the margin sequences
(Comas et al., 1992; Jurado and Comas, 1992; Maldonado et al., 1992) that appears linked to
Cenozoic sea-level change, despite the changing tectonic picture within this region. The Alboran
drill sites allow calibration of this regional data set and potentially can contribute to the debate over
tectonic versus sea-level effects on seismic stratigraphy. Detailed sedimentological studies of the
reflector transitions are planned as a subsidiary objective of this study.

Origin of Sapropels

In order to determine the influence of the various factors on sapropel formation, we must obtain
multi-proxy records along an east-west transect across the entire Mediterranean and synoptically
map the hydrographic and climatic conditions thronghout the Mediterranean both at the sites of
sapropel formation in the eastern basin and at sites in the western basin where no sapropels
formed. During Leg 161, drilling will be conducted at the easternmost sites and Leg 162 will
concentrate on sampling the westernmost occurrence of sapropels and areas in the western part of
the basin where no sapropels formed. Only this Mediterranean-wide data base will allow to
determine the driving force behind sapropel formation at different times, and how the
Mediterranean's physical circulation and chemical cycling preconditioned the eastern basin towards
sapropel formation. The reader is referred to the FY95 Leg 161 prospectus (this report) for a
detailed discussion of the approach to be employed in testing the stratigraphic, anoxic, and
productivity models for the formation of sapropels and an example of a multi-proxy survey (Fig.
9) that was conducted by Fontugne and Calvert (1992) on sediments from the eastern
Mediterranean. The study by Fontugne and Calvert produced a wealth of information on the tracer
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distribution within the more recent sapropels and the Leg 161 and 162 program will extend this
type of work back to times of changing environmental conditions during the Miocene and Pliocene.

Testing the Stratification Model

Foraminiferal oxygen isotope profiles provide the primary evidence for global climatic change. In
addition to the climate-controlled "ice-effect", foraminiferal §/80 data combine the signals of
regional temperature and salinity effects. Because the Mediterranean acts as a concentration basin in
which evaporation exceeds precipitation and riverine freshwater input, salinity effects - in addition
to the global ice-effect - may be expected to be the dominant contributors to the glacial-interglacial
amplitudes of foraminiferal oxygen isotope records (e.g., Thunell and Williams, 1989). If indeed
regional salinity anomalies existed, they could also have been brought about in part by a
redistribution of freshwater between the eastern and western Mediterranean due to changes in
atmospheric circulation (Rohling and Hilgen, 1991). In both cases - increased river runoff and/or
precipitation - we would expect a gradual decrease in magnitude of the associated foraminiferal
3180 anomalies from the eastern to the western basin. This would also mean that thermohaline
overturn would have decreased during these periods because of weaker salinity gradients between
the western and eastern basins. Whether or not this led to stagnation of the deep waters depends on
the resulting density contrasts in the Mediterranean. This would be tested using traditional
temperature-salinity-density diagrams in combination with §180-equilibrium fractionation scenarios
(see Zahn and Mix, 1991). That is, synoptic mapping of contemporaneous planktonic 8§80 signals
in the eastern and western Mediterranean will be an essential part in detecting possible inter-basin
density contrasts and determining their effects as triggers for sapropel formation.

Testing the Anoxia Model

The ratio of the two halogens bromine (Br) and iodine (I) in marine sediments is directly controlled
by the redox conditions prevailing during sediment deposition and the relative abundances of Br
and I in the sediments can be used to determine whether the sediments originally accumulated
under oxic or anoxic conditions (e.g., Calvert, 1990). The distribution of solid-phase manganese
(Mn) can also be used to decipher the redox conditions at the sediment/water interface. Sub-surface
anoxic sediments which have originally accumulated under oxic conditions generally contain high
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concentrations of solid-phase Mn whereas sediments accumulating under anoxic conditions tend to
have solid-phase Mn concentrations which are close to crustal abundance levels.

Testing the Productivity Model

Most organic compounds of marine origin are intrinsically labile and are, as such, removed from
the sedimentary record during early diagenesis. Of the few original biomarkers that persist in the
sediments, long-chain alkenones and dinosterol are the clearest indicators of marine carbon
sources (e.g., Prahl, 1992). Both compounds are biosynthetic products characteristic of
coccolithophorid and dinoflagellate productivity, respectively. They appear to be important
components of the organic fraction in Mediterranean sapropels S1 and S7 (Smith et al., 1986; Ten
Haven et al., 1987) and can be used as paleo-environmental indicators.

Atmospheric and riverine input of continentally-derived particulate carbon represents another
potentially important source contributing to the sapropel organic carbon. Plantwax lipids are
considered the most powerful indicator of terrestrial carbon and are readily identified by capillary
gas chromatography. Stable carbon isotope analysis of the organic sediment fraction also has a
great potential for separating organic carbon derived from terrestrial and marine sources.

In addition, analysis of 813Cg will be most helpful (i) in combination with the analysis of
plantwax lipids to separate the contribution of terrestrial versus marine carbon sources to the
sapropels and (ii) in determining productivity levels during sapropel formation by way of
estimating both the concentration of aqueous CO, and total biomass of the signal carrying primary
producers.

The isotopic composition of nitrogen in oceanic particulates provides useful information on the
sources of nitrogen in, and export from, the mixed layer and on the recycling of particles
throughout the water column and new evidence that the fractionation between 1SN and 14N is
influenced by the availability of nitrate as a nutrient (Altabet and Francois, 1992) allows the use of
815N values as an indicator of nutrient concentration and thus primary production.

The concentration of barium (Ba) in marine sediments appears to be directly related to the rate of
primary production at the sea surface and lattice-bound cadmium (Cd) in the shells of calcareous
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foraminifera has been shown to be a sensitive tracer of changes in the nutrient content of ambient
water masses (Boyle, 1988 ).

DRILLING PLAN/STRATEGY

A description and location of the proposed Alboran Sea drill sites is given in Table 1 and Fig. 5B,
respectively.

Proposed site ALB-2 is located on the graben in the Western Alboran Basin. At this site, a
monitoring hole for reentry ( Hole C) will be cored to 200 m (?), using the RCB if necessary for
safety. Then, we will offset to begin a second hole (Hole D) for setting a reentry cone and case the
hole as necessary. We will then core from 200 m using one or more RCB bits to sample the
basement by at least 150 m to total depth. The unlogged part of Hole B will be logged in the
reentry hole prior to abandonment.The abandonment procedures may be standard with mud or
cement plugging. This site is not considered hazardous and no special precautions are required.

We propose to log these holes using the standard Schlumberger suite of logging tools, WSTP and
WL (SEIS, STRAT, GEO-CHEM, MAG) , including the formation microscanner (FMS). The

temperature tool will be run to afford extrapolation of equilibrium temperatures. A velocity survey
may be done to correlate hole depth to seismic reflection time. In sampling the basement, oriented

cores are essential.

One short hole using the APC will be drilled at proposed site ALB-3, situated on the southern flank
of the Alboran Ridge where existing MCS and single channel seismic reflection profile data
indicate a zone of deformation during and following deposition of the sediments.Standard logging
to total depth will be conducted prior to abandonment.

Proposed site ALB-4 is located on a small graben structure to the north of the Yusuf Ridge in the
East Alboran Sea Basin and to the east of a northeast-southwest-trending strike-slip fault system.
The objective at this site is to use a RCB to penetrate and sample about 650 m on the sedimentary
sequence. However, if time permits, we will continue for a further 250 m to sample the underlying
sediments. If a bit change is required and time is available, a free-fall funnel may be deployed. The
RCB hole will be logged with the standard logging tools. Depending on RCB core recovery and
the time remaining, an additional APC hole may be drilled.
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To unravel the origin of sapropel formation, it is necessary to establish the paleoceanography of the
entire Mediterranean to discover how physical circulation and chemical cycling preconditioned the
eastern basin towards sapropel formation. During Leg 161, drilling will be conducted at the
easternmost sites of sapropel formation in the Mediterranean Sea (proposed sites MedSap 2, 3, and
4) and Leg 162 will concentrate on sampling the westernmost occurrence of sapropels and areas in
the western part of the basin where no sapropels formed (proposed sites MedSap 5, 6, and 7). The
drill sites must fulfill the four essential requirements of stratigraphic continuity, high stratigraphic
resolution, long stratigraphic range (as sapropels did form under very different global climatic
settings), and optimum areal coverage. In order to ensure highest-quality information on the
depositional environment during sapropel formation, sampling density of the sapropel layers, as
well as the "normal" sediments immediately below and above the sapropels, must be on scales of
centimeters to millimeters. Such high sampling resolution is essential for determining the factors
that have led to the formation of the sapropels and which have helped in maintaining an
environment favorable for the formation of sapropels over time scales of 102 to 103 years. Triple
HPC/APC coring may be necessary to allow such intense sampling at the proposed eastern
Mediterranean sites where sapropels do occur (Leg 161).

PROPOSED DRILL SITES
Proposed site ALB-2

Proposed site ALB-2 is located on the graben in the Western Alboran Basin, at Shot Point 1258 on
GSI MCS line Alb-39 (filtered migration). The alternate proposed site ALB-2a is located at Shot
Point 1335 on GSI-MCS line 75-234 (filtered stack). These sites are situated over the west flank of
a basement high thought to be a Middle Miocene horst of the continental basement of the Alboran
Basin. This structural high has an irregular facing to the west - a fault-controlled escarpment
roughly parallel to the axis of the main Early-to-Middle Miocene graben in the Western Alboran
Sea.

A deep hole at proposed site ALB-2 is expected to sample about 2,250 m of the post-rift and syn-

rift sequences, estimated to be as old as late Langhian (Recent to Middle Miocene), that overlies the
basement and then, penetrate and sample about 150 m of basement. We propose an alternate
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“backup” hole at ALLB-2a on the same basement high and in equivalent structural position.
Differences between primary and alternative sites are insignificant.

At proposed site ALB-2, we will not penetrate the early and lowermost-Middle Miocene units in
the basin. These earliest sediments have already been penetrated in commercial wells in the Spanish
and Moroccan margins and these data therefore already contain information on the early subsidence
history of the basin.The early subsidence history is reasonably well defined in the Alboran A-1
well. Moreover, since basement was penetrated in two wells, there are indications (depending on
paleo-bathymetry estimates) of the early subsidence history at these wells.The subsidence history
of the Alboran A-1 well has been interpreted by Watts et al. ( in press) in terms of a finite rifting
model in which rifting in the Alboran Basin took place over a finite period, perhaps as short as 6
m.y.

The determination of the early subsidence history of a basin such as a Alboran Sea depends
critically on our ability to determine the paleo-bathymetry of the earliest sediments. The paleo-
bathymetry at the Alboran A-1 well is reasonably well constrained but, it is by no mean clear that it
would be well constrained at other sites on the Alboran Sea, especially ones that are presently
located in deep water in the basin center. There is therefore a risk introduced by drilling the earliest
sequences in the center of the basin that uncertainties in paleo-bathymetry may preclude accurate
determination of the subsidence history as they have done , for example , at the El Jebha well.

Although the form of the early subsidence provides information on the rifting times, the most
important constraint on geodynamic models is the Total Tectonic Subsidence (TTS). This is
because the TTS is determined by the amount of crustal and lithosphere thinning and heating that
occurred at the time of rifting. For example, Watts el al. (in press) have show the crustal thickness
implied from TTS at the Alboran A-1 well is greater than that implied from gravity and seismic
modelling, suggesting that there has been more extension at the well site than is indicated in the
subsidence data. One explanation for this discrepancy is that the crust was initially above sea level
so that some of the subsidence occurred aerially. This tectonic uplift, could be explained by either
crustal thickening or lithosphere thinning. The TTS therefore provides more critical information on
the amount of uplift, and hence magnitude, of initial crust and/or thickness at the drilling sites.

In addition to the above mentioned reasons, on land data (Garcia Dueiias et al., 1992) indicate
\that the more important west-southwest-directed extensional detachment system, which affected
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the outcropping metamorphic-basement on Betics and Rift, occurred after 16 Ma, during the
Middle Miocene. Drilling results therefore would provide critical information on the TTS from
this extensional phase in the Alboran Basin.

The drilling plan at proposed site ALB-2 includes substantial penetration and sampling of the
metamorphic basement. This remains as our highest drilling priority and will constrain current
geodynamic models for the origin of the basin.

As known from onland data, elements of four pre-Miocene crustal domains are involved in the
Gibraltar Arc - 1) the South Iberian continental margin, 2) the Maghrebian continental margin, 3)
the Flysh Trough, and 4) the Alboran Crustal Domain. (Fig. 1B). Prevailing hypotheses suggest
that the basement of the Alboran Basin is formed by the Alboran Domain, itself composed of a
polyphase thrust stack that includes three nappe complexes, labelled (in ascending order) Nevado-
Filabrides, Alpujarrides, and Malaguides. The Alpine metamorphic facies in the Alpujarrides and
Nevado-Filabrides show evolution from high P-low T to low P-high T conditions, while the
Malaguides have undergone very low grade Alpine metamorphism. These metamorphic
complexes, affected by Miocene extension, probably also underlie the Alboran Sea itself. Because
the nature of these metamorphic complexes is well known, petro-structural and petrological studies
(metamorphic fabrics, PTT path and radiometric ages) of the predicted metamorphic basement will
establish their affinity to a particular crustal domain, or units within those domains.

By sampling the basement, we will know if these basement rocks belong to the hanging wall of the
detachment systems outcropping onland, or to the exhumed footwall. Consequently, drilling
results tie to on-land structural data and will help to discriminate between models for lithosphere
rifting (Fig. 2 or 3) based on the following reasoning:

1) The hypothesis from Fig. 2 implies that the basement of the Alboran Sea Basin will correspond
to the footwall of the extensional detachments. If it is the case, the basement sampled at
proposed site ALB-2 must correspond to the lower complexes of the metamorphic pile nappe of
the Alboran Crustal Domain - i.e. rocks from the lowermost units of the Alpujarride complex
either from the Nevado-Filabride complex, or even-lower unknown units.

2) Alternatively, and as predicted in Fig. 3, the basement rocks at proposed site ALB-2 will
correspond to the middle or upper part of the Alpujarride complex or to the Malaguide complex
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- i.e. to the upper tectonic elements of the pre-Miocene stacking of the Alboran Crustal
Domain because we will drill, according this hypothesis, in the hanging wall of the predicted
westward-directed main extensional detachment (Fig. 3C and Fig. 4A).

Proposed site ALB-3

Proposed site ALB-3 is located on the Robert D. Conrad/LDGO MCS line 825 (filtered migration)
at CDP 2122, and is situated on the southern flank of the Alboran ridge where existing MCS and
single channel seismic reflection profile data indicate a zone of deformation during and following
deposition of the sediments. The deformation is expressed as a series of folds near the base of the
ridge. On the southern ridge flank, there is evidence that the deformed zone (5 km wide) extends
laterally for up to 50 km. Both deformation and tilting appear to be relatively recent. The southern
flank of the ridge aligns with the Jebha fault and, therefore, may form part of a major, late, sinistral
strike-slip fault system across the Alboran Sea. About 860 m (0.9 sec twt) of folded and tilted
sediment, estimated to be as old as lowermost Pliocene, overlies the probably volcanic basement at
the proposed drill site.

The objective at this site is to calibrate the recent stratigraphy of the southern part of the Alboran
Basin, and to time the later tilting and uplift of the Alboran ridge and the associated folds, and
strike -slip faulting. Comparison between recent folding and strike-slip faulting onland (elevated
onshore parts) and the offshore deformation, which occurred contemporaneously with the
Pliocene-to-Recent subsidence, will allows to constrain the later stage of contractional
reorganization of the basin.

Our main objective is to penetrate the intra-Pliocene unconformity that lies at about 250 mbsf.
Basement objectives on this deformed area will be addressed from dive studies and we expect these
results will compliment drilling.

Proposed site ALB-4

This site is located on LDGO MCS Line 823 (filtered migration) at CDP 2340 and is situated on a
small graben structure to the north of the Yusuf ridge in the East Alboran Sea Basin and to the east
of a northeast-southwest trending strike-slip fault system. According to our data, the East Alboran
Basin does not seem to have the same structural pattern as the West Alboran Basin. This region is
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underlain by northwest-southeast or east-west trending basement ridges and basins with a thin and
probably younger sedimentary fill (West Alboran) and relative lack of extensional structures.

Platt and Visers (1989) and Watts et al. (in press) suggest that “much of the active extension
occurred when the region was still above sea level and the syn-rift fill may have been thin and
mainly continental”. According to this hypothesis, the present basin fill is interpreted as “passive
fill that was deposited during a pot-rift subsidence phase”. Other working hypotheses interpret the
different structural character between the West and East Alboran Sea Basins in terms of strike-slip
tectonics, considering that an Early-to-Middle Miocene major structure controlled the origin of the
Alboran Basin and separates crustal blocks with different lithosphere behavior (the controversial
“trans -Alboran Shear Zone”, as defined in de Larouzier et al.,1988 ). In this scenario, the small
basins beneath the eastern Alboran Sea, as well as the bigger Western Alboran Basin are
considered as “pull-apart” basins.

The tectonic objective at proposed site ALB-4 is to sample the “syn-rift” and “post-rift” sediments
to understand the subsidence history of the East Alboran Basin as compared to that of the West
Alboran Basin, testing the above-mentioned hypotheses. Comparing the subsidence history from
both regions will have strong implications on constraining the tectonic model and structural
evolution for the whole Alboran Basin. Additionally, it is important to calibrate the sediment fill
stratigraphy and seismic units in this region where there are no prior sampling references from
drilling. Because the West and the East Alboran Basins are separated by residual structural highs,
an accurate correlation between the sedimentary fill in both basins is not possible from seismic
data.

This site was selected because it shows a clearly developed lower sequence of tilted, hummocky,
reflectors. This sequence may represent the earliest sediments that infilled the graben and therefore
may be of "syn-rift" type. The tilted sequence is overlain by “passive” ( post-rift ?) Plio-
Quaternary(?) sediments. Our main objective is to penetrate and sample the unconformity which
lies at about 650 mbsf and that separates syn- and post-rift sequences. The proposed sediment
penetration is a minimum estimate . If time allows we should continue for a further 250 m to
sample “syn-rift” sediments to obtain data on the relative proportions of syn-rift to post-rift
subsidence. In addition, drilling result from proposed site ALB-4, placed as it is in the eastern end
of the Alboran Sea, will permit more accurate correlation through seismic profiling with the
South Balearic Basin.
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New migrated reflection profiles indicate that the basement cannot be clearly identified. It appears
that, at this site, there could be a substantial sedimentary section beneath the upper syn-rift units.
Therefore, basement sampling is not feasible in time allowed. However, basement objectives, at
least regarding basement highs around this site, will be accomplished by dive studies.

Proposed site MedSap 5

Proposed site MedSap 5 reoccupies ODP Leg 107 Site 652 in the Tyrrhenian Sea. The primary
goal of Leg 107 drilling was to determine the tectonic history of the area and to obtain Pliocene-
Pleistocene sedimentary sequences. Site 652 has penetrated 684 m of Messinian through
Pleistocene sediments and has retrieved 8 sapropels. This makes the site the westernmost location
of documented occurrence of sapropels. Discontinuous recovery and rotary drilling of Site 652
requires a reoccupation and deployment of the HPC/APC-technology to retrieve continuous and
undisturbed cores for our sapropel program. We propose to drill the upper 200 m of sediments.
Beyond this depth, evaporitic sequences are likely to hamper drilling for safety reasons.

Proposed site MedSap 6A

Proposed site MedSap 6A is located on the Menorca Ridge. This site is at the location of core MT
15 which retrieved 9.5 m of pelagic sediments. Initial inspection of the sediments revealed warm
interglacial faunas at 900 cm which possibly coincide with the last interglacial stage Se (~ 125 ka),
implying average sedimentation rates of 7 cmk.y.-1.

Proposed site MedSap 7B

Proposed site MedSap 7B is the westernmost site of our drilling transect. Its purpose is to
document the Atlantic-Mediterranean exchange of water masses. Proposed site MedSap 7B is at the
location of DSDP Site 121 in the western Alboran Sea. Drilling at Site 121 penetrated through 690
m of Plio-Pleistocene sediments with a fairly rich and diverse foraminiferal fauna. A major hiatus
was mapped at this site between the Lower Pliocene and the late Miocene. Thus, at this site, we
would obtain a complete Plio-Pleistocene sequence with no major disturbances in the Pleistocene
section and some intercalated turbidites in the Pliocene section. Apparently, at any site in the
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Alboran Sea, there would always be a Plio-Miocene unconformity due to salt tectonics related to
the Messinian salt diapirs. Thus, in the Alboran Sea, we would not be able to obtain a complete
Pleistocene through Miocene sequence. Nevertheless, an Alboran Sea site would make this
program a well-rounded survey and reoccupation of Site 121 will at least allow to get a complete
picture of the Mediterranean Sea paleoceanography during the Plio-Pleistocene.
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b. 19Ma c. Present

Figure 2. Tectonic evolution of Alboran region, as hypothesized by Platt and Vissers (1989).

a) Mid-Oligocene - Collisional ridge with thickened lithospheric root formed by Late Cretaceous-Paleogene
convergence. Map (above) shows coastlines around Gibraltar and Tangiers for reference, and plate motion vectors for
Africa relative to Europe from 27 Ma to present after Dewey et al. (1989). Basins were probably underlain by thin
continental crust.

b) Burdigalian - Convective removal of lithospheric root has caused uplift, increase in potential energy of collisional
ridge, and extension. Extension is accommodated by crustal shortening around margins, producing the external
Betic-Rif thrust belts. High-T peridotite emplaced at the base of the crust.

¢) Extending Alboran Domain has been emplaced onto surrounding continental margins; center subsides as
lithosphere thickens by cooling and continued slow convergence.

Note: Crustal volume is conserved in these figures, but cross-sectional area is not, because of radial pattern of
motion.
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Figure 3. Hypothesis for the origin of the Alboran Basin considering the case of initial asymmetric lithosphere
thickness (offset) in the collisional orogen, and then subsequent "delamination” of the lithosphere. Note that this
model implies that the onset of extension on the Alboran Basin itself (B) postdates the Miocene continental collision
which conditioned the Gibraltar Arc (B), and that the locus of the extension migrated (from the South Balearic to the
“proto”-Alboran basin) contemporaneously with outwardly vergent thrust belt development (B to C) .

1: Low density mantle. 2: Lithosphere mantle. 3: Flysch Trough. 4: Alboran Crustal Domain. 5: South Iberian /
Magrhebian continental margins. 6: Oceanic or very thin anomalous crust.

SBB: South Balearic Basin. Proposed position for the Gibraltar Arc front at 18 and 7 Ma. is shown. Note change of
orientation from section A to D (from Comas and Garcia-Dueiias, in press.)
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Schematic true-scale sections across the Gibraltar Arc and the Alboran Sea basin to illustrate the large-scale E-W
structure of the basin and its location on a convergent orogenic setting. Crustal thickness from Banda and Ansorge
(1980) and supposed position of ductile extensional detachments (7) within the CAD. CAD: Crustal Alboran
Domain. D: Mud diapirs. FT: Flysch Trough units. LM: Lithosphere Mantle. LMD: Low-density mantle. M:
Moho. Pt: Ronda peridotites. SIC: South-Iberian paleomargin cover. SIB: South-Iberian paleomargin basement.
V: volcanics superimposed to the CAD. SBB: South Balearic Basin. WAB: Western Alboran Basin. Proposed drill
site location (ALB-1 and ALB-4) is shown in Section II.

Inset Map: Structural map of chains surrounding the Alboran Sea. 1: Miocene to Recent sediments. 2: South-
Iberian and Maghrebian paleomargin basements. 3: South-Iberian paleomargin cover. 4: Maghrebian paleomargin
cover. 5: Flysch Trough Units. 6: Crustal Alboran Domain. 7: Ductile extensional detachments. 8: Strike-slip faults
According to this section, the basement beneath the Alboran Sea would correspond to the hanging wall of a major
crustal extensional detachment. Note that the slab of Ronda peridotites are also placed on the hanging-wall of the
extensional detachment (Garcfa-Dueiias et al., 1992; Comas et al., 1993). Note that this cross-section is the same as
cross-section D in Fig. 3.

Bouguer anomaly and schematic true-scale section across the Alboran Sea Basin and adjacent mountains belts.

Upper profile: Bouguer anomaly, the calculated anomaly based on the density model shown, and the calculated
anomaly assuming the basin is in Air-type isostatic equilibrium.

Middle profile: density model with the assumed densities in kg m-3:

Lower profile - Geological cross section to illustrate the large-scale N-S structure of the basin and its position in a
convergent orogenic setting. Deep reflectors (ICR: intra crustal reflector and, TRLC: top of reflective lower crust)
recognized on seismic line Conrad 827 (arrowed segment) are interpreted as a continuation of the detachments faults

onshore (from Watts et al., in press).

Note that, as known from onshore data, the movement directions on thrusts and extensional detachments have a
strong westerly component, oblique to the line of section.
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Figure 5B. Updated structural map of the Alboran Sea based on interpretation of MCS profiles. Main extensional
stage which conditioned the origin of the Alboran Sea Basin is thought to be related to the late-Langhian/early
Tortonian extensional system recognized onshore (Note “late Langhian-early Tortonian” onshore kinematic vectors
and extensional transport sense in the Alboran Crustal Domain) (from Comas et al. 1993 ) Position of the proposed

drill sites within the structural setting is shown.
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Figure 6. Modelled distribution of nutrients (given in units of mg atNm-3) in the Mediterranean. Due to the physical
circulation input parameters, nutrient concentrations - and thus, primary productivity - are highest in the western
Mediterranean. If sapropel formation was driven by higher rates of primary production in the eastern Mediterranean, what
caused the redistribution of nutrients from the western to the eastern basin? Courtesy of Renzo Mosetti, Osservatorio
Geofisico Sperimentale Trieste.
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Core MD 84641, Eastern Mediterranean
(33°02'N, 32°38'E. 1375 m)
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Figure 9. Stable isotope records (G. ruber, §!80, 813C), organic carbon content (percent by weight), carbon isotope
composition of the organic fraction (§!3Cqyy), and carbon/nitrogen ratios along Core MD84641 in the eastern

Mediterranean. Data from Fontugne and Calvert (1992).
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TABLE 1

PROPOSED SITE INFORMATION
and
DRILLING STRATEGY

SITE: ALB-2 PRIORITY: 1 POSITION: 36°12'36.6"N, 4°18'57"W
WATER DEPTH: 1080m SEDIMENT THICKNESS: 540m TOTAL PENETRATION: 690m *
SEISMIC COVERAGE: MCS line Alb-39 (SP 1258).

* 540 m of sediments and minimum 150 m basement

Objectives: To penetrate and sample the basement at DSDP Site 121 high. To conduct petrologic studies on
basement rocks (PTT path, radiometric ages on metamorphic rocks) to reveal the rate and thermal history of
extension. To determine rifting geometry. To discriminate between proposed models for the origin of the Alboran
Sea.

Drilling Program: RCB coring and reentry. Basement sampling.

Logging and Downhole Operations: Standard runs (geophysical, geochemical, and FMS), magnetic
susceptibility, in situ stress measurements, temperature tool, and oriented cores.

Nature of Rock Anticipated: Poorly cemented TB turbidites, marly oozes, pelagic marls, basal conglomerate or
minor carbonates (?).

OR

SITE: ALB-2a PRIORITY: 1 POSITION: 36°10'54"N, 4°20'07.9"W
WATER DEPTH: 1095m SEDIMENT THICKNESS: 620m TOTAL PENETRATION: 770m *
SEISMIC COVERAGE: MCS line 75-234 (SP 1335).

* 620 m of sediments and minimum 150 m basement

Objectives: To penetrate and sample the basement at DSDP Site 121 high. To conduct petrologic studies on
basement rocks (PTT path, radiometric ages on metamorphic rocks) to reveal the rate and thermal history of
extension. To determine rifting geometry. To discriminate between proposed models for the origin of the Alboran
Sea.

Drilling Program: RCB coring and reentry. Basement sampling.

Logging and Downhole Operations: Standard runs (geophysical, geochemical, and FMS), magnetic
susceptibility, in situ stress measurements, temperature tool, and oriented cores.

Nature of Rock Anticipated: Poorly cemented TB turbidites, marly oozes, pelagic marls, basal conglomerate or
minor carbonates (7).
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SITE: ALB-3 PRIORITY: 3 POSITION: 35°41'42.4”N,
3°2121.6"W

WATER DEPTH: 967m SEDIMENT THICKNESS: 860m TOTAL PENETRATION: 250m
SEISMIC COVERAGE: Robert D. Conrad LDGO MCS line 825 (CDP 2122).

Objectives: To penetrate the major intra-Pliocene unconformity on a zone of compressional deformation on the
south flank of the Alboran Ridge. To constrain the timing of latest uplift of the Alboran Ridge and associated
folding.

Drilling Program: APC coring.

Logging and Downhole Operations: Standard runs (geophysical, geochemical, and FMS), magnetic
susceptibility, in situ stress measurements, and temperature tool.

Nature of Rock Anticipated: Oozes, clay, silt, marl, TB turbidites, pelagic facies.

SITE: ALB-4 PRIORITY: 2 POSITION: 36°13'58"N, 2°328"W
WATER DEPTH: 1900m SEDIMENT THICKNESS: 1775-1800m TOTAL PENETRATION: >650m *
SEISMIC COVERAGE: LDGO MCS line 823 (CDP 2340).

* sediment penetration is a minimum estimate. If time permits, we will continue to drill for a further 250 m to
sample the “syn-rift” sediments.

Objectives: To penetrate the sedimentary sequence in a graben structure in the East Alboran Basin. To determine
the post-rift subsidence in the East Alboran Sea. To determine the age of the “syn-rift” sequence and determine syn-
rift subsidence as near as possible from the achieved penetration.

Drilling Program: RCB coring. FFF?

Logging and Downhole Operations: Standard runs (geophysical, geochemical, and FMS), magnetic
susceptibility, in situ stress measurements, and temperature tool.

Nature of Rock Anticipated: Oozes, clay, sand, silt, marl, TB turbidites, pelagic facies.

SITE: MedSap 5 * PRIORITY: POSITION: 40°21.3’N, 12°08.6’'E
WATER DEPTH: 3466m SEDIMENT THICKNESS: 188m TOTAL PENETRATION: 200m
SEISMIC COVERAGE: MCS Line STO1 SP 4250

* Reoccupation of ODP Leg 107 Site 652

Objectives: This site represents the westernmost documented occurrence of sapropels and represents a tie-point for
the east-west correlation.

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated: Calcareous muds and oozes, and sapropels.
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SITE: MedSap 6A PRIORITY: POSITION: 38°53.9'N, 04°30.5’E
WATER DEPTH: 2369m SEDIMENT THICKNESS: 350m TOTAL PENETRATION: 350m
SEISMIC COVERAGE: Tyro MR1/MR6 and SCS Bannock BALO9/BAL15

Objectives: To study the evolution of surface and intermediate water masses in the western Mediterranean at times
of sapropel deposition in the eastern Mediterranean. This site represents the central tie-point in the western
Mediterranean

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated: Calcareous muds and oozes.

SITE: MedSap 7B * PRIORITY: POSITION: 36°09.7°'N, 04°22.4'W
WATER DEPTH: 1163m SEDIMENT THICKNESS: 860m TOTAL PENETRATION: 690m
SEISMIC COVERAGE: DSDP Site 121 site survey package

* DSDP Leg 13 Site 121

Objectives: To study gateway circulation between the Atlantic and the Mediterranean. To reconstruct the
paleoceanographic exchange and monitor the effects of tectonic/sea level changes since the Pliocene.

Drilling Program: Triple HPC/APC

Nature of Rock Anticipated: Calcareous muds and oozes and turbiditic interlayers (?).
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ABSTRACT

The Arctic and sub-Arctic areas exert major influences on global climate and ocean systems.
Understanding the causes and consequences of global climatic and environmental change is an
important challenge for humanity. The high northern latitude oceans are of great relevance for this
task since they directly influence the global environment through the formation of permanent and
seasonal ice-cover, transfer of sensible and latent heat to the atmosphere, deep-water formation and
deep-ocean ventilation which control or influence both oceanic and atmospheric chemistry. Thus,
any serious attempt to model and understand the Cenozoic variability of global climate must take
into account these paleoenvironmentally oriented topics.

Leg 163 represents the second in a two-leg program to investigate four major geographic locations
(the Northern Gateway Region, the East Greenland Margin, the Greenland-Norway Transect
(Iceland Plateau), and the Southern Gateway Region) with the aim of reconstructing the temporal
and spatial variability of the oceanic heat budget and the record of variability in the chemical
composition of the ocean. ODP Leg 151, the first leg in this program, successfully completed
operations at fives sites within the Northern Gateway region, one site in the East Greenland Margin
region, and one site within the Greenland-Norway Transect. Together, the Leg 151 and Leg 163
program undertakes a study of circulation patterns in a warm ocean, and the mechanisms of
climatic change in a predominantly ice-free climatic system and will provide a collection of
sequences containing records of biogenic fluxes (CaCO3, opal, and organic carbon) and stable-
isotopic carbon and oxygen records which will address aspects of facies evolution and depositional
environments and the carbon cycle and productivity. The drilling approach focuses on high-
resolution, Milankovitch-scale paleoclimatic analysis of rapidly-deposited sediment sequences. The
proposed sites are either 1) arrayed as broad north-south and east-west transects to monitor spatial
paleoclimatic variability or closely spaced suites of cores across depth ranges to monitor vertical
variability, 2) deep drilling targets to constrain the time of opening of Fram Strait, or 3) placed to
monitor downstream sedimentological effects of deep flow through narrow gateway constrictions.
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INTRODUCTION

During the last decade it has been realized that much of the natural variance in the Earth's
environment on time scales less than 1 m.y. originates from changes in the geometry of the
Earth-Sun orbital system. The sensitivity of the Earth system to orbital forcing has been especially
high over the last one million years. Both for understanding how this high sensitivity to external
forcing has evolved from periods of less sensitivity and lower amplitude variation, and for
understanding the way environmental change is forced both by this and other forcing mechanisms
which operate on longer time scales (such as: plate reorganizations, orogeny, carbon cycle
variations), it is necessary to obtain records that document how the climatically-sensitive, high-
latitude regions have developed.

It follows that this focus on high northern latitude paleoenvironmental questions require deep-sea
drilling in the areas north of the Greenland-Scotland Ridge. From south to north these seas consist
of the Norwegian and Iceland Seas, the Greenland Sea and the Arctic Ocean, which together
commonly are referred to as the Arctic Mediterranean (Sverdrup et al., 1942) or the Nordic Seas
(Hurdle, 1986).

The deep-water areas of the Nordic Seas have previously been drilled during DSDP Leg 38 which
occupied 17 sites spread out over some of the major basins (Talwani, Udintsev et al., 1976), and
ODP Leg 104 which occupied three sites on a transect across the Vgring Plateau in the eastern
Norwegian Sea (Eldholm, Thiede, Taylor et al., 1987) and recently by ODP Leg 151. The sites
from Leg 38 were almost exclusively chosen to meet structural and geophysical objectives. They
did not retrieve the complete stratigraphical sequences essential to establish chronologic resolution
and precision, the requirements of modern paleoceanography. The Leg 104 sites were drilled with
the Advanced Piston Corer (APC) with high recovery and very good sample quality. The
sequences from Leg 104 document portions of the Neogene fairly well despite a number of
hiatuses (Goll, 1989). The Paleogene intervals of these sites are either missing or seriously altered
by diagenesis and thus no sequences are available to document the whole Cenozoic history of these
oceans. Although especially the upper Neogene is rather complete on the Vgring Plateau, the
location of the sites basically implies that they must be considered as a single sample point along
the meridional and latitudinal transects herein advocated. During Leg 151, three sites were drilled
on the Yermak Plateau, two sites were drilled in the Fram Strait, one site was drilled along the East
Greenland Margin, and one site was drilled on the Iceland Plateau.

248



...Leg 163 - North Atlantic Arctic Gateways II...

The Arctic/Nordic Seas region contains a large number of paleoclimatic objectives of first-order
scientific importance which can only be addressed by a large array of sites and Leg 163 will further
investigations that were initiated during Leg 151.

STUDY AREA
Oceanographic Setting

The series of interconnected basins comprising the Nordic Seas contain a total volume of roughly
10 x 106 km3, if excluding the Amerasian Basin of the Arctic Ocean, or about 0.7% of the volume
of the world ocean. The Eurasian basin of the Arctic Ocean makes up nearly 60% of this volume.
Despite the small volume of these areas, they nevertheless act as a primary source of a large portion
of deep, ventilated waters in the world ocean. The idea that deep waters are formed in the
Norwegian-Greenland Seas (Helland-Hansen and Nansen, 1909), and that some of this newly
formed water flows into the deep Atlantic across saddles on the Greenland-Scotland Ridge (see
Warren, 1981; Mantyla and Réid, 1983 for reviews) was suggested a long time ago. Previous
notions about the Arctic Ocean indicated that it has been a passive recipient of ventilated water from
the south. In recent years, however, it has been demonstrated that the Arctic Ocean itself is an
important contributor of deep waters which flow southward through the Fram Strait, and, after
mixing with deep waters formed in the Greenland/Iceland Seas, pass further on into the world
ocean (Aagaard, 1981; Aagaard et al., 1985). The processes leading to the formation of dense deep
waters in the Arctic Ocean are thought to involve either intense cooling of Atlantic waters on the
Barents Sea Shelf (Swift et al., 1983), or an increase in salinity through salt release during sea-ice
formation on the large Arctic shelves (Aagaard et al., 1985). Smethie et al. (1988) suggest that
both processes are in operation.

The chief components of the surface water systems of the Nordic Seas involve the influx of warm
and relatively high-salinity waters via the North Atlantic Current, which continues its northward
flow as the Norwegian Current, and outflow via the cold and low-salinity East Greenland Current.
The Norwegian Current is sufficiently cooled to allow deep water formation within the cyclonic
gyre of the Greenland Sea. Another branch of this current continues along the western margin of
Svalbard as the West Spitsbergen Current, before entering the Arctic Ocean. Within the Arctic this
relatively warm water mass mixes with low-salinity surface waters, sinks and flows as an
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intermediate water mass counterclockwise before being exported out of the Arctic via the Fram
Strait along the Greenland Margin. The surface outflow from the Arctic Ocean sweeps the east
margin of Greenland before entering the Irminger Sea of the North Atlantic via the Denmark Strait.

Aagaard et al. (1985) concluded that nearly 50% of the water volume in the Nordic Seas, including
the Amerasian Basin, is potentially in communication with the world ocean (Fig. 1). The Nordic
Seas might hence be characterized as the "lungs"” of the present world ocean, implying that it is of
fundamental importance to derive a detailed understanding of the timing and history of deep and
shallow water exchange between the Nordic Seas and the remainder of the world ocean. The
unique topographic constraints provided by a single deep, narrow passageway to the North (the
Fram Strait), and a major submarine ridge system to the south (Greenland-Scotland Ridge) make it
pertinent to address the question of the Cenozoic paleoceanography of the Nordic Seas as a
gateway problem.

The Gateways and Paleoceanography

The tectonic development and the opening of the Fram Strait has determined the history of water
mass exchange between the Arctic Ocean and the Greenland-Norwegian-Iceland Seas.
Submergence below sea level of the southern gateway, or parts of it, has determined the
possibilities for water mass exchange between the Nordic Seas and the Atlantic Ocean, and thus the
world ocean.

The Fram Strait, with a present critical sill depth of 2600 m, represents the only deep connection
between the Arctic Ocean and the global ocean. The initiation of this connection may have taken
place as early as Anomaly 13 time, close to the Eocene/Oligocene boundary (Crane et al., 1982;
Eldholm et al., 1987; see also reviews by Vogt, 1986a, b). The tectonic history of the Fram Strait
area, however, is characterized by complex and, at present, vaguely understood processes, which
might include stretching of the Svalbard continental crust and hotspot activity. When taking into
account the strongly oblique opening of the Fram Strait and the nearness to surrounding land areas
(Greenland and Svalbard), it seems possible that a truly deep Arctic Ocean/Greenland-Norwegian
Sea connection became established considerably later than Anomaly 13 time, perhaps as late as
Anomaly 6 time. The history of water mass exchange between the Arctic Ocean and the world
ocean via the Greenland-Norwegian-Iceland Seas is a key element in any large scale model of
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post-Eocene paleoceanography. However, the documentation of this history will depend on new
drilling efforts to make available material from within and from both sides of the gateway.

There are few oceanic gateways that can compete with the Greenland-Scotland Ridge in having
such a profound influence on the present world hydrography (Bott et al., 1983). Overflow from
northern sources occurs in the Faeroe-Shetland Channel, across the Iceland-Faeroe Ridge and in
the Denmark Strait. Tracer studies indicate that the overflow waters originate from waters
shallower than 1000-1200 m, probably to a large extent formed by deep convection in the Iceland
Sea (Peterson and Rooth, 1976; Warren, 1981; Aagaard et al., 1985). Reconstructions of the
subsidence history of the ridge system, suggest that its eastern parts sank beneath sea level
probably sometime during middle Eocene times, and during early to middle Miocene times in the
Denmark Strait area. The distribution of shallow water benthic foraminifera, however, indicates
that the Nordic Seas were effectively isolated from any "deep" Atlantic influence until middle
Miocene times (Berggren and Schnitker, 1983; Thiede, 1983; Thiede and Eldholm, 1983). The
overflows have both influenced the Atlantic and global deep water masses through their
contribution to North Atlantic Deep Water (NADW) production and to the formation of North
Atlantic sedimentary records. Basic questions as to why and when NADW production was
initiated, and how and why the chemical and physical signature of this major water mass has
varied, remain to a large degree unanswered. Quite obviously the physical and chemical
characterization of surface and deep waters through time directly in the main source regions, i.e.
north of the Greenland-Scotland Ridge, will greatly improve the understanding of world ocean
hydrography, global energy budgets and North Atlantic patterns of sedimentation and erosion.

The Nordic Seas are characterized by strong latitudinal gradients in the sea surface environment,
but also by unusually strong meridional gradients due to the warm Atlantic influence in the east and
the cold polar influence in the west. Strong seasonal variability is also a prominent feature of the
surface environments, resulting in strong and rapidly migrating ocean fronts. The onset and
subsequent variability of these fronts are almost totally unknown. Apart from the data obtained
from the Norwegian Margin by ODP Leg 104, no high quality material exists which is older than a
few hundred thousand years. Thus, to derive a comprehensive understanding of the whole
ocean-climate system of the Nordic Seas, and the modus operandi of this, in a global perspective
critical, system, it is necessary to obtain material that can document how sea-surface environments
have changed and the underlying causes for these changes through late Paleogene and Neogene
times.
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Climate Evolution of High Northern Latitudes

A major element in the evolution of Cenozoic environments has been the transformation from
warm Eocene oceans with low latitudinal and bathymetric thermal gradients into the later type of
oceans characterized by strong thermal gradients, oceanic fronts, cold deep oceans and cold high
latitude surface water masses (Shackleton and Boersma, 1981). This transformation is linked with
the climatic transition into cold high latitude climates and the connection of both surface and
deep-ocean circulation between high latitude regions and the lower latitude oceans. It is still not
known what role the Arctic and sub-Arctic regions played in this transformation, or how and when
climatic, tectonic and oceanographic changes in the Arctic contributed to the global ocean cooling
and increased thermal gradients.

At present it is uncertain when cold climates evolved in the Arctic and surrounding regions. In
order to understand the evolution of the global climate system it is necessary to clarify when the
Arctic Ocean became ice-covered, and document the variability of ice cover in the Arctic. It has
been proposed that the Arctic Ocean has been permanently ice covered since the late Miocene
(Clark, 1982). Other studies conclude that this event happened in the Matuyama or at the
Brunhes/Matuyama boundary (Herman and Hopkins, 1980; Carter et al., 1986; Repenning et al..,
1987). This discrepancy in timing cannot be verified by the available material.

A major threshold of the climate system was passed with the inception of glaciers and ice sheets in
the northern hemisphere. Data from ODP Leg 104 document minor input of ice-rafted debris (IRD)
into the Nordic Seas in the late Miocene and through the Pliocene, pointing to the existence of
periods when large glaciers were able to form and reach coastal areas in some of the areas
surrounding the Nordic Seas (Jansen and Sjgholm, 1991). The major shift to a mode of variation
characterized by repeated large glacials in Scandinavia probably occurred at about 2.5 Ma and was
further amplified at about 1 Ma (Jansen et al., 1988; Jansen and Sjgholm, 1991). With the
presently available material it is impossible to document clearly when glaciers started to evolve in
the Arctic and high sub-arctic, and it is impossible to describe the glaciation history of the different
individual areas, i.e. when was Greenland glaciated? What distinguished the climatic responses in
the Arctic parts of this area (Greenland, Svalbard, and Arctic Ocean fringes) from those of the sub-
arctic North European areas? Did the cooling and glacial inception of the high Arctic and Greenland
take place at an earlier stage than in the sub-arctic? Terrestrial data indicate significant cooling on
Iceland at about 10 Ma (Mudie and Helgason, 1983) and glaciation in elevated areas of Iceland in
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the latest Miocene and the Pliocene (Einarsson and Albertsson, 1988). Terrestrial evidence also
indicates forested areas in the Arctic fringes, which are far north of the present forest-tundra
boundary, until about 2 Ma (Carter et al., 1986; Nelson and Carter, 1985; Funder et al., 1985;
Repenning et al., 1987). The chronology from these land sites is, however, poorly constrained,
and since this is only scattered evidence, there are no continuous records from land sites that
document the climatic transition into a cold arctic climate. Both a clear documentation and a proper
timing of the climatic evolution will therefore depend on the availability of new, continuous,
deep-sea material.

Since the glacial and climatic history of the high northern latitudes are so poorly known, the ability
to model and understand linkages between low and high latitude climates and between southern
and northern hemisphere climates is limited.

The Norwegian-Greenland Seas and the Arctic Ocean are surrounded by landmasses that acted as
loci for the late Cenozoic Northern Hemisphere ice sheets. Therefore these areas are key areas
where northern hemisphere glacials can be documented in the form of input of IRD into the ocean.
The history of large glaciations in the high northern latitudes has only been firmly documented
back to approximately 2.5 m.y. (Shackleton et al., 1984; Ruddiman and Raymo, 1988; Jansen

et al., 1988), although glaciation in some areas must have started earlier in the Neogene. This
contrasts with the history of glaciation in the Antarctic which probably dates back at least to the
early Oligocene, some 36 million years ago (Barron, Larsen, Baldauf, and Leg 119 Scientific
Party, 1988). The apparent interhemispheric asynchroneity in the climatic evolution of high latitude
regions on the southern and northern hemispheres is a major unresolved question for
understanding Cenozoic paleoenvironments.

In addition to the above questions that address the magnitude of glaciations and the passing of
certain climatic thresholds in the Earth's history, are the frequency components of the climatic,
oceanographic, and glacial evolution of the Arctic and Sub-arctic which are of importance for
assessing the climate system's response to external forcing. Results from DSDP Leg 94 sites in the
North Atlantic have shown that sea-surface temperatures and ice volumes have a strong response to
orbital forcing over the last 3 m.y. However, the amplitudes of climatic variation and the dominant
frequencies have varied strongly, indicating variations in the way the climate system responds to
external forcing (Ruddiman et al., 1986; Ruddiman and Raymo, 1988; Raymo et al., in press).
Work is underway, based on Leg 104 material, to study the cyclicity of IRD input into the sub-
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arctic Norwegian Sea. This can aid in understanding the controlling factors for sub-polar ice-sheet
variations. However, presently available data does not permit extending this type of high-
resolution study on orbital time scales to other parts of the Arctic Ocean and Nordic Seas.

Some models constructed to investigate and explain the evolution and operation of the global
climate system include variations in the magnitude and mode of thermohaline ocean circulation,
(e.g., Barron and Washington, 1984; Broecker et al., 1985; Mix and Pisias, 1988; Boyle, 1988).
Further improvements of such models will thereby partly depend on records that can assess the
actual climatic and oceanographic evolution of this particular region.

Sediment Budgets

The rates at which the various deep-sea sediment types accumulate are essential to the global
geochemical balances, because mass accumulation rates of biogenic carbonate, opaline silica,
organic matter, and non-biogenic sediment components determine the internal cycling of matter in
the oceans and are therefore linked to the chemical state of both the oceans and the atmosphere
(Broecker and Peng, 1982). Accumulation of biogenic matter and carbonate are, for example,
closely linked with atmospheric CO; levels. Biogenic sediment components, which account for
more than 50% of the deep-sea sediments, accumulate at rates which are determined by the
productivity rates in the surface waters and the dissolution of these components at depth.

The availability of nutrients determines the productivity rates which, therefore, also are dependent
on the ocean circulation (e.g., vertical mixing, upwelling), and on climate as a driving force for the
circulation. Dissolution of biogenic carbonate is basically a function of the degree of calcite
saturation in seawater at the sediment/water interface. Averaged globally, the degree of calcite
saturation varies in order to balance the total carbonate budget. The ocean circulation, and the
underlying causes for its development and change, is thus a key factor among the dissolution-
related parameters.

ODP Leg 104 documented a major deepening of the calcite lysocline at about 10 Ma in the
Norwegian Sea. This was followed by a series of low frequency variations in carbonate
deposition/dissolution and opaline silica preservation. This 10 Ma-event presumably reflects the
cumulative effect of a large set of changes occurring in the global sediment budgets and
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paleoenvironment at around the middle/late Miocene transition, such as an increase from 5 to 10%
in the recycling rate of the total sediment mass on earth (Hay, 1985), the beginning of a remarkable
decrease in the global organic carbon reservoir (Shackleton, 1987), or the substantial increase in
latitudinal temperature gradients (Shackleton and Kennett, 1975; Thierstein and Berger, 1978).
Concomitant changes induced by tectonic forcing also belong in this picture, where the activation
of new ocean circulation patterns through newly formed gateways must be an important factor
contributing to the large scale changes in the global climate-ocean-sediment system. It follows that
many possible cause and effect relationships can be inferred to explain, for example, the deepening
of the Norwegian Sea lysocline at 10 Ma. Yet, this shows that global patterns are preserved in the
sediments of the Nordic Seas.

Biological Evolution

The coring program envisaged herein will recover high quality APC/XCB sediment material
reflecting a wide variety of paleoenvironmental conditions in the Nordic Seas, and it is anticipated
that the material also will be used to address a wide array of significant scientific questions which
have not been specifically mentioned in the three main themes.

Studying biological evolution is one such additional scientific problem. Such studies will allow the
assessment of the response of oceanic biota to changes in climate, ocean circulation, and ocean
chemistry. Cores from high northern latitudes, and particularly the Arctic Ocean, will provide the
northern hemisphere end-member for examining topics such as patterns and modes of speciation,
bipolar evolution, Arctic fauna and flora, and Arctic/sub-Arctic environmental influence on intra-
and inter-specific morphological variation.

Preliminary Results from Leg 151

During the Arctic summer of 1993, JOIDES Resolution, accompanied by the Finnish icebreaker
MSYV Fennica, recovered the first scientific drill cores from the eastern Arctic Ocean, including
material which records the earliest history of the connection between the North Atlantic and Arctic
oceans, the onset of glacial climate in the Arctic and the inception of abundant sea-ice formation
and sediment ice rafting, and evidence for massive ice caps on the Arctic Ocean margin during
certain glaciations.
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During ODP Leg 151, drilling operations recovered over 3 km of core, which ranges in age from
middle Eocene to Quaternary. Site 907 on the Iceland Plateau recovered a middle Miocene to
Quaternary sequence overlying basement basalts with calcareous microfossils only in the upper
Pliocene to Quaternary, but with a middle to upper Miocene biosiliceous-rich interval indicating
high-productivity conditions. Site 908 in the Fram Strait documents a late Oligocene age for the
biosiliceous-rich pre-rifted strata on the Hovgard Ridge microcontinent. Nearby Site 909
penetrated 1061.8 m into the Fram Strait basin, which acts as the corridor for deep-water flow
between the Arctic Ocean and Norwegian-Greenland Sea, and recovered an upper
Oligocene?/lower Miocene to Quaternary sequence high in organic matter and hydrocarbons but
virtually absent of calcareous and siliceous microfossils. Sites 910, 911, and 912 on the Yermak
Plateau consist of Pliocene to Quaternary glacio-marine sediments with abundant dropstones and
high organic carbon content. Site 913 on the East Greenland Margin drilled a thick section of
Pliocene to Quaternary glacio-marine sediments with abundant dropstones, overlying a middle
Eocene to lower Oligocene and middle Miocene sequence of clays and silty clays. A biosiliceous-
rich interval occurs in the upper Eocene to lower Oligocene.

The oldest sediments recovered, middle Eocene at Site 913, contain the highest abundances of
terrigenous organic matter recovered during Leg 151 and indicate the close proximity of a
continental source during this initial phase of seafloor spreading in the Greenland Basin. Episodes
of laminated sediment deposition suggest a lack of infaunal activity and bioturbation during the
middle Eocene. The dissolved-silica level is extremely low, suggesting an absence of biosiliceous
deposition and hence indicates a restricted basin or basins receiving nutrient-depleted surface water
over shallow sills, well above the mid-water nutrient maxima common in modern oceans. During
this time, Fram Strait remained closed to deep-water flow. Productivity increased throughout the
middle Eocene, and Site 913 remained below the CCD.

At Site 913, there was a renewed influx of terrigenous organic carbon in the late Eocene,
coinciding with the first appearance of preserved biogenic silica. Upsection, the sediments display
vivid shades of blue, purple, and green and the preservation and abundance of siliceous
microfossils increases. The siliceous intervals were formed during times of high productivity,
resulting in high sedimentation rates and high abundances of marine organic carbon. Nevertheless,
ventilation of the deep waters was poor, resulting in lamination and probably causing the
accumulation of CO, in deep water, which dissolved carbonate.
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The late Oligocene to earliest Miocene interval from Site 908 on the Hovgéard Ridge suggests
moderately well-mixed oceanic conditions in the Norwegian-Greenland Sea. The sediments record
relatively high but variable surface-water productivity, well demonstrated by the most highly
variable organic carbon of any Leg 151 site (0.75% to 2.0%). High productivity is also indicated
by the abundance of siliceous microfossils. This site was below the CCD during this time, and the
intermediate waters were poorly ventilated. Extensive bioturbation suggests at least intermediate
bottom-water oxygen levels, but thin, poorly bioturbated and laminated intervals suggest episodes
of very low oxygen content. Laminated-sediment intervals continued until about the middle/late
Miocene boundary (Site 907, Site 909, Site 913) and provide evidence for restricted circulation in
the early Miocene Greenland-Norwegian Sea. Deep-water flow from the Arctic or production in the
Nordic Seas did not occur before this time.

The late Miocene time interval is represented only at two sites. Site 909 is characterized by a
paucity of microfossils, while Site 907 is rich in siliceous microfossils, which began prior to the
middle/late Miocene boundary but ended by about 7 Ma, suggesting that deep-water formation
began to better mix the Nordic Seas, but that true North Atlantic Deep Water NADW) was not
formed until the latest part of the Miocene. The disappearance of anoxic indicators marks the start
of deep mixing in the Greenland Basin, while the presence of siliceous production on the Iceland
Plateau shows that the southern part of the Nordic Seas still had net upward transfers of nutrients
from deeper waters to the surface, unlike modern conditions. The gradient from north to south
reflects either the beginning of inflow of Arctic deep waters into the Nordic Seas or the
development of a strong temperature gradient in surface waters and the beginning of basinal deep-
water formation in the north.

At all sites, the Pliocene and Quaternary interval is marked by evidence of ice, with significant
quantities of dropstones appearing near the late Miocene/Pliocene boundary, with a marked
increase at about 2.5 Ma.

Pliocene and Quaternary sediments on the Yermak Plateau at the southern edge of the Arctic Ocean
are extremely thick, deposited either by the melting of a sediment-laden pack ice transported to the
region by Arctic surface circulation or during interglacials as ice melted from a massive Barents Sea
ice sheet or an ice cap centered on Svalbard. The former scenario seems more likely, because the
melting ice edge now supports high productivity, which could cause the observed high levels of
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marine organic carbon deposition. The summer edge of Arctic pack ice must then have been near
the Yermak Plateau for most of the Plio-Pleistocene interval.

Site 910 was marked by a highly overconsolidated interval, beginning at about 25 m depth in the
sediment column. No such interval was found at the deeper water Site 912 (south) or Site 911
(north). At Site 912, sedimentary evidence of the ice sheet was recorded for the same time interval.
The consolidated interval was traced along the Yermak Plateau with seismic reflection profiles.
This consolidation possibly indicates that an ice lobe of the Barents ice sheet reached well out to
sea in the late Pleistocene and was grounded on the top of the Yermak Plateau. These event(s) may
have occurred prior to the last glacial maximum at 18 ka. Evidence for the extension of the Barents
ice sheet westward will provide important constraints for Pleistocene ice models.

SCIENTIFIC OBJECTIVES AND METHODOLOGY
Summary of Objectives
Cenozoic Paleoceanography of the Nordic Seas

1) To study the timing and history of deep and shallow water exchange between the Arctic Ocean
and the Norwegian-Greenland Sea via the Fram Strait (Northern Gateway).

2) To study the timing and history of deep and shallow water inflow and outflow between the
Norwegian-Greenland Sea and the North Atlantic across the Greenland-Scotland Ridge
(Southern Gateway).

3) To investigate water mass evolution, particularly addressing the initiation and variability of east-

west and north-south oceanic fronts in surface waters, the initiation and variability of northern
source deep-water formation, and the history of vertical physical and chemical gradients.

Cenozoic Evolution of Climate in High Northern Latitudes: Cenozoic Cooling, Sea-Ice and
Continental Ice-Sheet Formation, and Deposition of IRD

1) To investigate the timing and development of polar cooling and the evolution of low to high
latitude thermal gradients in the northern hemisphere.
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2) To establish the temporal and spatial variation of sea-ice distribution, the glacial history of the
circum-Arctic, Greenland and Northern Europe, and the history of IRD sedimentation in the
Arctic.

3) To investigate variations in climatic zonality and meridionality through time as response to
tectonic forcing.

4) To establish the history of the higher frequency components of the climatic and glacial evolution
of the Arctic and sub-Arctic areas.

5) To identify ocean-atmosphere interactions associated with northern Hemisphere deep-water
formation and the interhemispheric couplings and contrasts in climatic evolution.

Sediment Budgets

1) To investigate fluxes of biogenic carbonate, opaline silica, organic matter, and non-biogenic
sediment components through time.

2) To study bathymetric variability through time of the CCD and lysocline.

3) To establish the spatial and temporal history of silica preservation.

4) To investigate Arctic and sub-arctic oceanic influence on global biogeochemical cycles.
Specific Objectives and Methodology

Surface Water Mass Evolution

The Norwegian-Greenland Sea links the cold Arctic Ocean with the warm-temperate North Atlantic
Ocean via northern and southern “gateways” (Fig. 1). Fram Strait in the north is the single passage
to the Arctic Ocean through which surface and deep waters are exchanged. Similar exchanges

occur farther south at both the Denmark Strait, Faeroe-Shetland Channel, and Iceland-Faeroe
Ridge.
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The Nordic Seas are characterized by strong oceanographic gradients not just latitudinally but also
meridionally, due to the northward flow of warm Atlantic water in the east and southward flow of
cold polar water and ice in the west. Strong seasonal variability also results in rapid migrations of
sharply defined fronts. Apart from material obtained from the Norwegian margin by ODP Leg 104,
the history of these surface-ocean gradients is almost totally unknown prior to the last few hundred
thousands years. ODP drilling will provide material from the colder western regions for tracing the
spatial evolution of surface-water environments and thus enhancing the understanding of climatic
change.

Temporal and Spatial Variation of Sea-Ice Distribution

The present Arctic climate is strongly influenced by its sea ice cover, which greatly increases the
regional albedo and reduces heat and gas exchange with the atmosphere. Very little is known about
how this ice cover first developed and subsequently varied. Although prevented from drilling
within the permanent pack ice in the Central Arctic, JOIDES Resolution drilling along the present
ice margins will provide better constraints on the history of sea-ice extent just north of a key Arctic
gateway and southward into Nordic Seas.

The Gateway Problem

The gateways in the north (Fram Strait) and south (Greenland-Scotland Ridge) are among the most
important submarine topographic constrictions to global oceanic circulation. Opening of Fram
Strait and subsidence of the Greenland-Scotland Ridge below critical levels are necessary
conditions for deep water exchange between the Nordic Seas and Atlantic Ocean, although other
tectonic changes may also play a role in determining the subsequent long-term evolution of
meridional exchanges across these former barriers. The history of these gateways is thus a key
component in understanding the long-term evolution of both Northern Hemisphere and global
climate.

Leg 151 focused on two key objectives not addressed in previous drilling: 1) constraining the
tectonic history of opening of these barriers, primarily by drilling to obtain basement ages; and (2)
defining the subsequent history of surface and deep-water exchange across these barriers, based
both on proxy water mass indicators and on current-sculpted features on the sea floor. Leg 163
will further these objectives.
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Deep Water-Mass Evolution

At present, deep waters of the sub-Arctic North Atlantic form partly from dense saline waters
cooled in the Greenland and Iceland Seas, and partly from deep waters flowing out of the Arctic
Ocean. Because of their rapid formation and short residence times, these deep waters are rich in O,
but poor in CO; and nutrients. The deep water spills over the Greenland-Scotland Ridge and mixes
with warmer North Atlantic waters to form southward-flowing North Atlantic Deep Water
(NADW). NADW helps to oxygenate the deep ocean and transfers heat and salt to the Antarctic.
Glacial/interglacial changes in deep-water formation in the Nordic Seas are implicated in conceptual
models of atmospheric CO; variations.

ODP drilling in the Nordic Seas will improve the understanding of deep-water evolution by
providing: spatial/vertical transects that constrain the development of physical/chemical gradients in
deep waters; sites located in regions where vigorous deep-water outflow has altered normal pelagic
sedimentation; and evidence of surface ocean climate changes in regions of deep-water formation.

History of Mountain Glaciers and Ice Sheets around the Nordic Seas

Results from ODP Leg 104 trace the glacial history of the Fennoscandian Ice Sheet back to 2.57
Ma. Sporadic earlier occurrences of minor quantities of ice-rafter debris in various North Atlantic
drill sites indicate a still earlier onset of limited glaciation around the Nordic Seas. Both the location
and kind of ice remain uncertain. Were there mountain glaciers that reached the sea, or small ice
sheets? Were they located on Greenland, on Svalbard, or over the Barents Sea? It is thus a primary
drilling objective to obtain sediments from sites adjoining these regions to assess their glacial
histories individually.

Sediment Budgets
In order to derive a broad understanding of global sediment budgets, it is necessary to integrate
biogenic (and lithogenic) flux data from all ocean basins. The present coverage of high-quality

material from the Nordic Seas is insufficient both regionally (no sites in the central, western, or
northern parts) and vertically (lack of deeper sites). The proposed drill sites cover the major water
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masses and depth gradients and will permit calculation of burial fluxes of opal, CaCO3, and
organic carbon, as well as deductions about the intensity of CaCOs dissolution through time.

DRILLING PLAN/STRATEGY

Most of the NAAG objectives require drilling long sequences of rapidly deposited (>20 m/m.y.)
sequences, with double APC coring to refusal (or occasional triple HPC coring as necessary). This
approach permits retrieval of continuous sections for high resolution analysis of the higher
frequency (orbital-scale or higher) variations of the climate system. At the same time, it also
provides sequences spanning millions of years, during which the long-term baseline climatic state
may evolve toward generally colder conditions, as may the spectral character of orbital-scale
variations. In the following discussion of objectives, references to the history, evolution, or
development of key components of the Arctic/Nordic climate system should thus be understood to
include both orbital-scale and tectonic-scale changes.

Sites drilled during Leg 151 and sites proposed for Leg 163 are either 1) arrayed as broad north-
south and east-west transects to monitor spatial paleoclimatic variability or closely spaced suites of
cores across a range of depths to monitor vertical variability, 2) deep drilling targets that will better
constrain the time of opening of Fram Strait, or 3) placed to monitor downstream sedimentological
effects of deep flow through narrow gateway constrictions.

The north-south transect extends from the Arctic Ocean (the Yermak Plateau) via the Fram Strait,
the Greenland and Iceland Seas into the north-western North Atlantic. It thereby ties into existing
North Atlantic (DSDP Leg 81, 94), and Labrador Sea (ODP Leg 105) high resolution
stratigraphies. This transect covers the major ocean basins of the region and provide sites on both
sides of the two important gateways (the Fram Strait) and the Greenland-Scotland Ridge, and it
will address the evolution of north-south environmental gradients from the Arctic to the temperate
North Atlantic.

The east-west transect will use the Leg 104 sites on the Vgring Plateau as its eastern tie-point and
will extend across to the areas immediately off east Greenland. The main intention of this transect
is to sample the strong environmental gradient between the polar regions off east Greenland and the
temperate Atlantic waters off Norway, in order to study the inception and evolution of the strong
mid to high latitude east-west gradients and oceanic fronts, and to investigate differences in the
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oceanic and glacial evolution between Greenland and Northern Europe. Additionally it is necessary
to include a central sample point along this transect in order to obtain clean pelagic records from the
central portions of the basin.

Two bathymetric transects are also proposed in order to study sediment budgets, lysocline/
CCD-variability, and bathymetric gradients in ocean chemistry: one on the Yermak Plateau in the
Arctic and the other on the slope between the Iceland Plateau and the Aegir Ridge (extinct axis) in
the Norwegian Basin. This area is located centrally in the Norwegian Sea and will not be
influenced by continental margin effects.

PROPOSED SITES
The Yermak Plateau

The Yermak Plateau is a topographic high due north of Svalbard. The Morris Jesup and
northeastern Yermak Rises are a pair of plateaus rising to crestal depths of 0.5 to 1 km, which
apparently were formed in Paleocene-Oligocene time by excess, Iceland-like volcanism along the
southwestern Nansen ridge. The southern part of the Yermak Plateau may be thinned continental
crust (Jackson et al., 1984). There is thick sediment draping on both the western and eastern
flanks. Gravity and piston cores show that the present sediment cover contains some biogenic
calcareous components and document normal pelagic sedimentation rates.

Drilling in this area will enable a study of environmental responses pre- and postdating the opening
of the deep gateway into the Arctic. It will document the timing of this event, the physical and
chemical nature of the water masses associated with the gateway opening and its influence on
ocean circulation and climate. It will furthermore provide a check for the theory linking this event
with changes in the relative plate motion starting at about Anomaly 13 time, and the possible global
impacts of the establishment of a deep connection between the Arctic Ocean and the World Ocean.
The other main achievement from drilling this area is that it should provide a continuous late
Neogene record from the Arctic Ocean of the same quality as is available from lower latitude areas.
This will make it possible to identify the onset of permanent ice cover in the Arctic, test models of
the pre-glacial ice-free Arctic, and the magnitude of glaciation and ice sheets in the Arctic areas by
identifying the onset and variation of IRD input into the Arctic Ocean. It should further enable
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studies of Milankovitch cyclicity in Arctic Ocean climates and circulation and how this cyclicity has
evolved with time.

The area forms the most northernmost end member of a north-south transect of drill sites that ties
into the other oceans. It will be the northernmost control point for stratigraphic/chronostratigraphic
studies, a reference area for Arctic studies, and a northern tie point for studies of the evolution of
global thermal gradients. It is necessary to drill a series of sites in this region to recover a complete
stratigraphic section from the time period of interest and, since the area lies in the marginal ice
zone, and especially the northern and western sites are only accessible during favorable ice years, it
is essential to have a choice of proposed sites, should one of them not be accessible. It is also
desirable to obtain a bathymetric transect of sites in the Arctic to monitor depth gradients in
sediment accumulation and water mass properties.

Leg 151 Sites

Leg 151 represented the first scientific drilling in any part of the Arctic, conducting operations at
three sites on the Yermak Plateau (Fig. 2) - Site 910 (proposed site YERM-4), Site 911 (proposed
site YERM-3) and Site 912 (proposed site YERM-2A) and two sites in the Fram Strait (Site 908
and Site 909).

Site 912 was designed to study the Neogene glacial history of the Arctic, the history of North
Atlantic surface water influx to the Arctic, and to be an intermediate member of a bathymetric
transect. Sites 911 and 910 are located on a thick sequence of draping sediment cover on the
eastern flank and western flank, respectively, of the plateau and were designed to study Neogene
variations in climate and oceanography, specifically address the Neogene Arctic glacial history, the
Neogene variations in Atlantic water influx to the Arctic and also represent the shallow-water
members of the bathymetric transect.

Proposed Sites

Proposed site YERM-1 (Fig. 2, Table 1) is located on the eastern flank of the plateau and is
designed as a deep water target to document the subsidence history of the Yermak Plateau and its
effects on water mass exchange through the Arctic gateway, and to determine the age and nature of
basement. It will also provide records of surface and deep-water communication between the Arctic
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and Norwegian Sea, and the IRD-sedimentation history of the Arctic. YERM-1 was originally
scheduled to be drilled during Leg 151 with proposed site YERM-2A (Leg 151 Site 912) proposed
as an alternate. Proposed site YERM-2A is located deeper than proposed site YERM-1 on the
southwest slope of the plateau. It will, however, not be drilled to basement. Besides being an
alternate site for YERM-1, this site is designed to study the Neogene glacial history of the Arctic,
the history of North Atlantic surface water influx to the Arctic, and to be an intermediate member of
a bathymetric transect. Basement is considered to be oceanic crust.

Proposed site YERM-5 (Fig. 2, Table 1) is located at 2850 m on a conformable draping sediment
sequence on the lower western slope of the Plateau). The site will be used to document the glacial
history of the Arctic Ocean for the Neogene, the history of sea-ice cover, the history of Atlantic
water influx, deep water variations and will serve as the deep end member of the bathymetric

gradient.

The Fram Strait
Leg 151 Sites

Leg 151 conducted operations at sites in the Fram Strait (Fig. 2), Site 908 (proposed site FRAM-2)
and Site 909 (proposed site FRAM-1A).

Site 909 is located in the Fram Strait on a gentle elevated area northeast of the Hovgaard Ridge and
was designed to document the timing of the opening of a deep passageway through the Fram

Strait, the history of deep and shallow water exchange between the Arctic and the world ocean, and
to provide records of Arctic glacial history and the climatic evolution of the Arctic region.

Site 908 is situated on the crest of the Hovgaard Ridge and was proposed in order to determine the
age and lithology of the sedimentary processes immediately postdating the opening of the Fram
Strait, and investigate the water mass exchange in and out of the Arctic Ocean.

Proposed Sites

Proposed site SVAL-1 is located in the eastern part of Fram Strait (Fig. 2, Table 1). This site is to
be drilled on the Svalbard margin to examine the onset of glaciation in the European Arctic and
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establish the history of the Barents ice shelf, including dating the transition from a terrestrial- to
marine-based ice sheet. Svalbard is believed to be the likely location for the initiation of Pliocene
glaciation in the European Arctic. This site will also address questions related to glacial fan
development and will serve as a counterpoint to proposed site EGM-4. This site is closely related
to the European research program PONAM (Late Cenozoic Evolution of the Polar North Atlantic
Margins).

The East Greenland Margin

The proposed sites on the East Greenland Margin (Fig. 2, Table 1) are located on a north-south
transect paralleling the path of the East Greenland Current (EGC). The objectives are to date the
onset of the EGC, monitor deep-water formation and surface-water paleoenvironments in the
Greenland Sea, determine their influence on the variability of the polar front and on the northern
hemisphere paleoclimate, decipher the evolution of the Greenland Ice Sheet, monitor contour
current activity and sediment drift deposition in the Greenland Basin, and study Paleogene
paleoceanography.

Leg 151 Sites

Leg 151 conducted operations at one site on the East Greenland Margin (Fig. 2) - Site 913
(proposed site EGM-2). Site 913 is located on the lower slope of the east Greenland continental
margin and is the northern end of a north-south transect along the margin and was proposed in
order to document the history of the EGC and of deep water flow out of the Arctic downstream
from Fram Strait. Difficulties were encountered coring the uppermost 400 m of sediment and, the
lack of carbonate at this site precludes many of the planned paleo-circulation studies.

Proposed Sites

Proposed site EGM-4 is situated on the lower slope of the Trough Mouth Fan at Scoresby Sund
(Fig. 2, Table 1). It is intended for high-resolution studies of the late Neogene history of IRD input
and evolution of the Greenland Ice Sheet. It is also located where intermediate and deep waters
from the Greenland Sea flow towards Denmark Strait. Proposed site EGM-3 is a low priority
alternate.
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The Iceland Plateau

The sites proposed for this area (Fig. 2, Table 1) comprise a bathymetric transect of three sites as
well as a site in the central Iceland Sea designated to be a part of the east-west transect.

Leg 151 Sites

Leg 151 conducted operations at one site on the Iceland Plateau (Fig. 2) - Site 907 (proposed site
ICEP-1). Site 907 represents the mid-point in the east-west transect located in the southern Nordic
Seas, and was proposed in order to monitor the history of oceanic and climatic fronts moving east
and west across the Iceland Plateau, derive an open ocean record of IRD and carbonate, and
determine the history of the formation of northern source deep waters.

Proposed Sites

During Leg 151, only one hole could be drilled at Site 907. While this hole did not have abundant
carbonate, an excellent record of siliceous microfossils extending back to the middle Miocene and
physical property time series form this hole record impressive Milankovitch-scale cyclicity. Given
that this site is likely to become a type section for this region, additional offset holes are desirable.
Proposed site ICEP-1 is located on top of the plateau and is an open-ocean site isolated from
continental marine influence on IRD records. Site 907 will be completed with two more holes.

Due to an expected poor carbonate record, only the central site of the bathymetric transect,
proposed site ICEP-3, will be drilled. This site will enable a study of oceanic response to different
stages of opening of the Greenland-Scotland Gateway north of the ridge. It will also provide a
record of pelagic IRD input well away from the ice sheets, thereby avoiding strong continental
influence. This, combined with a location further east, will improve the chance for recovery of a
carbonate biogenic record.

Northern and Southern Iceland-Faeroe Ridge

The two sites north and south of the Iceland-Faeroe Ridge (Fig. 2, Table 1) were expected to
provide information on the early spreading stages of the southern Norwegian Sea and the
subsidence history of the Iceland-Faeroe Ridge. The location of the proposed sites provide the
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opportunity of determining the age and nature of the Iceland-Faeroe Ridge and of the overlying
sediments, which could provide information about the early history of the ridge. Drilling in this
area could also determine if a step-wise or more sudden exchange of surface and bottom water
occurred across the Iceland-Faeroe Ridge during the early Neogene. However, given the lack of
carbonate records recovered north of the ridge, the potential to recover high quality geochemical
records of overflow history from sites south of the ridge, and the results from surrounding ice core
records and Heinrich layers, proposed site NIFR is consider a second priority site only and
proposed site SIFR a third priority site.

Northern North Atlantic

The major objectives of these site (Fig. 2, Table 1) will address water mass evolution and the role
of thermohaline circulation on controlling the exchange of carbon between the ocean and
atmosphere. In particular, these sites will address the character, causes, and consequences of sub-
Milankovitch climate variability with the goal of correlation to the ice core records for the
Quaternary and the establishment of when these high frequency variations were established. The
ice core record of stage Se seems to suggest that ice sheets are not necessarily a prerequisite for
rapid oscillations in ocean-atmosphere circulation. With these sites we should be able to establish
whether this type of climate “instability” was present during the early Pleistocene or prior to major
northern hemisphere glaciation. One of the lower sedimentation rate sites is expected to extend into
the Oligocene.

Proposed site NAMD-1 represents a re-occupation of DSDP Leg 12 Site 116 on top of the Rockall
Plateau. Information from this site will help reconstruct the water mass behavior in the North
Atlantic on glacial-interglacial time scales of the Plio-Pleistocene with special emphasis on the
formation of Glacial North Atlantic Intermediate Water (GNAIW). In addition, we will be able to
document the water mass structure in the North Atlantic during the late middle Miocene when the
Iceland-Faeroe Ridge subsided to depths that finally allowed deep water exchange between the
Nordic Seas and the North Atlantic to evolve. The recovery of a pre-middle Miocene section
should document North Atlantic water mass circulation at times when no NADW existed; obtaining
Oligocene sediment sections will allow us to study how the high-latitude North Atlantic responded
to early intervals of apparent Antarctic glaciation as implied by the existence of glacially-derived
sediments in the Southern Ocean area. Site 116 seems to be well suited for the proposed program
in that a discontinuously drilled carbonate record back to the Oligocene has been recovered at this
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location. Its position on a structural high protects this site from turbidites and its shallow depth
greatly diminishes the risk of carbonate dissolution due to vertical fluctuations of the carbonate
compensation depth. Furthermore, this site is in the flow path of the Iceland-Faeroe Ridge
overflow waters which comprise a major constituent of NADW and it is in the area of potential
GNAIW formation. As such, the site is at a key location for documentation of NADW/GNAIW
variability and it will allow us to study in detail the initiation of water mass convection in the North
Atlantic which has much importance for the long-term evolution of the world ocean's thermohaline
circulation.

Proposed site GARDAR-1 is located on the Gardar Drift in 1980 m of water on the eastern flank of
the Reykjanes Ridge. It is located at the depth of Glacial North Atlantic Intermediate Water

during the last glaciation. Site survey results suggest that sedimentation rates as high as 20 cm/k.y.
will be found here, providing an unprecedented record of both glacial-interglacial and millennial
scale variations in thermohaline circulation, surface water temperatures, and ice-rafting history.

Proposed site FENI-1 is located on the Feni Drift and will recover an approximately 100 m record
of the Brunhes chron at sedimentation rates of better than 100 cro/k.y. This site will be used to
study mid-depth nutrient variability (2157 m), deep water circulation, and the surface-deep water
links on both Milankovitch and millennial time scales.

Proposed site FENI-2 is situated at the same depth as FENI-1 and should recover a late Pliocene to
Pleistocene record of sediment, also at greater than 10 cm/k.y. This site is essentially an extension
of proposed site FENI-1 at a nearby location on the drift and would address many similar scientific
objectives.

Proposed site BJORN-1 is located in the same region as GARDAR-1 at a shallower depth.
Sedimentation rates are lower (5-9 cv/k.y.), although still high by open-ocean pelagic standards.
This site has the ability to provide a high-resolution record of intermediate water circulation
extending back to the Miocene. This site is a first priority alternate.
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Figure 1. Schematic illustration of ocean circulation in the Arctic Ocean and Nordic seas (from Aagaard et al.,
1985).
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TABLE 1

PROPOSED SITE INFORMATION
and
DRILLING STRATEGY

SITE: YERM-1 PRIORITY: 1 POSITION: 81°06'N, 7°E
WATER DEPTH: 900m SEDIMENT THICKNESS: 680m TOTAL PENETRATION: 750m
SEISMIC COVERAGE: BU 79-7 SP 400. BU 79-2 crossing

Objectives: To study the subsidence history of the Yermak Plateau and its control on water mass exchange through
the Arctic Gateway. To identify the nature of the basement. To study the history of surface and deep-water
communication between the Arctic and the Norwegian-Greenland Sea. To study the history of IRD sedimentation in
the Arctic.

Drilling Program: APC, and RCB or XCB coring.

Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: Glacio-marine muds, mudstones, and sands and basalts.

SITE: SVAL-1 PRIORITY: 1 POSITION: 77°15.57'N, 9°05.5'E
WATER DEPTH: 2120m SEDIMENT THICKNESS: TBP! TOTAL PENETRATION: 800m
SEISMIC COVERAGE: TBP

Objectives: To examine the onset of glaciation in the European Arctic and establish the history of the Barents ice
shelf, including dating the transition from a terrestrial to marine based ice sheet. To address questions concerning
glacial fan development and to serve as a counterpoint to proposed site EGM-4.

Drilling Program: APC/XCB coring.

Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: TBP

OR

SITE: YERM-5 PRIORITY: 2 POSITION: 79°58.5'N, 1°42'E
WATER DEPTH: 2850m SEDIMENT THICKNESS:>2000m TOTAL PENETRATION: 600m
SEISMIC COVERAGE: BU 79-18 SP 80.

Objectives: To study the glacial history of the Arctic for the Neogene. To investigate the history of the influx of
North Atlantic water into the Arctic Ocean. To form the deep end-member of a bathymetric transect to study depth
gradients in sediment accumulation.
Drilling Program: Triple APC and XCB coring
Logging and Downhole Operations: Standard logging.
Nature of Rock Anticipated: Glacio-marine sediments.

L'TBP = To be provided
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SITE: EGM-4 PRIORITY: 1 POSITION: 70°30'N, 18°20'W
WATER DEPTH: 1670m SEDIMENT THICKNESS: 1000m TOTAL PENETRATION: 800m
SEISMIC COVERAGE: GGU 82-12 SP 2270

Objectives: To monitor the history of the Greenland ice sheet and study the latitudinal development of the EGC.
Drilling Program: APC, and XCB or RCB coring.

Logging and Downhole Operations: Seismic stratigraphy and geochemistry.

Nature of Rock Anticipated: Glacial marine sediments.

OR

SITE: EGM-3 PRIORITY: 2 POSITION: 73°28.5'N, 13°9'W
WATER DEPTH: 2650 m SEDIMENT THICKNESS: ~1000m TOTAL PENETRATION: 900m
SEISMIC COVERAGE: MCS NGT 46 SP 804

Objectives:To date the onset of the East Greenland Current, monitor the development of deep-water formation in the
Greenland Sea, and document the history of IRD inputs.

Drilling Program: APC, and XCB or RCB coring.
Logging and Downhole Operations: Seismic stratigraphy and geochemistry.

Nature of Rock Anticipated: Glacial marine and biogenic sediments, terrigenous mud.

SITE: ICEP-1 (Site 907B, C) PRIORITY: | POSITION: 69°15'N, 12°42'W
WATER DEPTH: 1812m SEDIMENT THICKNESS: TBP TOTAL PENETRATION: 230m
SEISMIC COVERAGE: Leg 151

Objectives: To monitor the history of oceanic and climatic fronts moving east and west across the Iceland Plateau.
To derive an open-ocean record of IRD and carbonate. To determine the history of formation of northern-source deep
waters.

Drilling Program: APC/XCB coring. Holes 907B and 907C.

Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: TBP
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SITE: ICEP-3 PRIORITY: 1 POSITION: 66°56'N, 6°27'W
WATER DEPTH: 2807m SEDIMENT THICKNESS: 800m TOTAL PENETRATION: 500m
SEISMIC COVERAGE: UB-ICEP-2 Segment D SP 4700, Segment B (crossing)

Objectives: To document the oceanic response to different stages of the opening of the Greenland-Scotland Gateway.
To form an intermediate-member of a bathymetric transect of sites for monitoring the history of CCD, carbonate
preservation, and biogenic silica sedimentation/accumulation as a response to changing climatic and oceanographic
conditions.

Drilling Program: Triple APC and XCB coring.

Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: Glacial marine sediments, calcareous and siliceous muds and oozes.

SITE: NAMD-1 (DSDP Site 116) PRIORITY: 1 POSITION: 57°29.8’N, 15°55.5'W
WATER DEPTH: 1150m SEDIMENT THICKNESS: TBP TOTAL PENETRATION: 820m
ISEISMIC COVERAGE: DSDP Leg 12

Objectives: To reconstruct water mass behavior in the North Atlantic on glacial-interglacial time scales of the Plio-
Pleistocene, particularly the formation of GNAIW. To document water mass structure in the North Atlantic during the
late middle Miocene and to obtain a pre-middle Miocene section to document North Atlantic water mass circulation at
times when no NADW existed. To study NADW/GNAIW variability and the initiation of water mass convection in
the North Atlantic.

Drilling Program: APC/XCB coring.
Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: TBP

SITE: GARDAR PRIORITY: 1 POSITION: 60°25.30" N, 23°23.23'W
WATER DEPTH: 1980m SEDIMENT THICKNESS: TBP TOTAL PENETRATION: 400m
SEISMIC COVERAGE: TBP

Objectives: To obtain a record of glacial-interglacial and millennial scale variations in thermohaline circulation,
surface water temperatures, and ice-rafting history.

Drilling Program: APC/XCB coring.
Logging and Downhole Operations: Standard loggong.

Nature of Rock Anticipated: TBP
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SITE: FENI-1
WATER DEPTH: 2157m

PRIORITY: 1
SEDIMENT THICKNESS: TBP

POSITION: 55°30'N, 14°42'W
TOTAL PENETRATION: 100m

SEISMIC COVERAGE: TBP

Objectives: To study mid-depth nutrient variability, deep water circulation, and the surface-deep water links on both
Milankovitch and millennial time scales.

Drilling Program: APC/XCB coring.
Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: TBP

SITE: FENI-2
WATER DEPTH: 2157m
SEISMIC COVERAGE: TBP

PRIORITY: 1
SEDIMENT THICKNESS: TBP

POSITION: 55°30'N, 14°42'W
TOTAL PENETRATION: 300m

Objectives: To study mid-depth nutrient variability, deep water circulation, and the surface-deep water links on both
Milankovitch and millennial time scales.

Drilling Program: APC/XCB coring.
Logging and Downhole Operations: Standard logging.
Nature of Rock Anticipated: TBP

OR

SITE: BJORN
WATER DEPTH: 1653m
SEISMIC COVERAGE: TBP

POSITION: 61°25.17'N, 24°06.33'W
TOTAL PENETRATION: 700m

PRIORITY: 2
SEDIMENT THICKNESS: TBP

Objectives: To obtain a high-resolution record of intermediate water circulation extending back to the Miocene.
Drilling Program: APC/XCB coring.

Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: TBP

OR

SITE: NIFR-1 PRIORITY: 2 POSITION: 63°26.55’N, 7°14.51’'W
WATER DEPTH: 1240m SEDIMENT THICKNESS: >1200m TOTAL PENETRATION: 1000m
SEISMIC COVERAGE: IF30, IF52 crossing.

Objectives: To determine the age and nature of the Iceland-Faeroe Ridge. To document the Paleogene environmental
situations in the southern Norwegian Sea, and monitor the early phases of warm water inflow into the Norwegian Sea.

Drilling Program: APC and XCB coring.
Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: Hemipelagic biogenic muds.
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OR

SITE: SIFR-1 PRIORITY: 3 POSITION: 60°33.30’N, 11°29.0'W
WATER DEPTH: 1215m SEDIMENT THICKNESS: >1200m TOTAL PENETRATION: 500m
SEISMIC COVERAGE: IF02, IF06 crossing.

Objectives: To reconstruct the early subsidence history of the Iceland-Faeroe Ridge. To document the onset of
Neogene surface-water exchange over the Iceland-Faeroe Ridge. To compare faunal assemblages north and south of the
Iceland-Faeroe Ridge.

Drilling Program: APC and XCB coring.

Logging and Downhole Operations: Standard logging.

Nature of Rock Anticipated: Hemipelagic/pelagic biogenic muds.
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ABSTRACT

Gas hydrates are a solid phase composed of water and low molecular weight gases (predominantly
methane) which form under conditions of low temperature, high pressure, and gas saturation;
conditions that are common in the upper few hundred meters of rapidly accumulated marine
sediments (Claypool and Kaplan, 1974; Sloan, 1989). Although gas hydrates may be a common
phase in the shallow geobiosphere, they are unstable under normal surface conditions, and thus
surprisingly little is known about them.

The in situ characteristics of gas-hydrated sediments can best be studied by drilling where gas
hydrates are as extensive as possible and their influence on sediment properties are largest. The
Blake Ridge - Carolina Rise gas hydrate field is an excellent area for a gas hydrate drilling program
because it is associated with sediments that have especially high interval velocities and distinct
reflection characteristics, is well surveyed, contains one of the worlds most laterally extensive gas
hydrate fields including a well developed BSR (bottom-simulating-reflector), and lacks tectonic
influences that complicate hydrate distribution and fluid circulation in accretionary prisms.

Drilling in the Blake Ridge - Carolina Rise area will 1) determine the amounts of gas trapped in
extensively hydrated sediments, 2) contribute to an understanding of the lateral variability in the
extent of gas hydrate development, 3) investigate the distribution and fabric of gas hydrates within
sediments, 4) establish the physical property changes associated with gas hydrate formation and
decomposition in continental margin sediments, 5) assess whether the gas captured in gas hydrates
is produced locally or has migrated in from elsewhere, 6) measure changes in the porosity (and
permeability?) structure associated with gas hydrate cemented sediments, and 7) determine the role
of gas hydrates in stimulating or modifying fluid circulation.
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INTRODUCTION

Enormous volumes of natural gas may be associated with gas hydrated sediments (Kvenvolden
and Barnard, 1983; Kvenvolden, 1988a). Large quantities of gas may be stored in the gas hydrate
cemented sediments because up to 164 times the saturation concentration of gas at STP condition
exists in these solid phases per unit volume (Sloan, 1989). It is estimated that there are about 104
Gt (Gt = 1015 gm) of carbon stored in gas hydrates, which is about two times the estimate for the
carbon in all other fossil fuel deposits (Kvenvolden 1988b). Moreover, there may be considerable
volumes of free gas trapped beneath the overlying solid gas hydrate-cemented zones that are
associated with the BSR. However, we know too little about hydrates at present to be confident
about these estimates (Kvenvolden, 1988b).

Sedimentary and Geochemical Importance of Gas Hydrates

One explanation for some of the major slumps on continental rises relates to instability of the
sediments from the break down of gas hydrates (Summerhayes et al., 1979; Embley, 1980;
Carpenter, 1981; Cashman and Popenoe, 1985; Prior et al., 1989). Seismic data near some slump
areas show that there are numerous normal faults that sole out at or near the BSR (Paull et al.,
1989). If gas hydrates comprise a significant portion of the volume of rise prism sediments above
the BSR (Heling, 1970; Harrison and Curiale, 1982), the physical properties of sediments will
change dramatically when gas hydrates decompose. Solid gas hydrates decompose to water plus
(over-pressured?) gas (Kayen, 1988). Sediment instability and failure are likely to be concentrated
along this lubricated horizon. The gas hydrates may play an important role in sediment tectonics,
strengthening the sediments above and weakening the sediments at and below the BSR. Thus, the
potential for physical property changes that significantly alter the mechanical strength of the margin
will best be understood by establishing the extent of the gas hydrate formation in the overlying
sediments and the physical characteristics of the sediments both at and beneath the BSR.

Effects on Fluid Circulation
At present our collective knowledge about the processes, rates, and plumbing involved in fluid

exchange between the porous sedimentary flanks of continents and the adjacent ocean water is
rudimentary. Considerable interest has been generated by the patterns of fluid circulation and the
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associated seawater-rock exchange at ocean ridges. However, the importance of fluid exchange
between the ocean and its edges is unknown and cannot be resolved without additional knowledge
of fluid circulation systems in a variety of settings (National Research Council, 1989). Extensively
hydrated rise prism sediments are one of the sediment types that need to be understood.

Modification of Fluids

Methane and saline fluids may be expelled from abyssal sediments as a consequence of gas hydrate
formation and deterioration. In the process of gas hydrate formation, water and low molecular
weight gases (i.e., methane) form a crystalline solid which cements the sediment, leaving the
remaining pore fluids enriched in salts (Hesse and Harrison, 1981; Harrison and Curiale, 1982).
At greater depths gas hydrates break down and add methane and fresh water back into the pore
waters, decreasing the salinity and increasing the methane concentration. Gas hydrate
decomposition leaves a porous zone that is charged with methane beneath the stable gas hydrate
zone. If gas hydrate formation is extensive, it may be exerting a strong influence on the
composition of continental margin pore fluids.

Drilling Hazard

Due to safety reasons the various academic drilling projects have generally avoided drilling in areas
where well-developed BSR's are known to occur. Safety panels are concerned with gas blowouts
related to the decomposition of gas hydrates or the release of free gas from beneath the gas
hydrates. Thus, most gas hydrate samples have come from the edges of the hydrated areas where it
can be assumed that hydration is not as extensive (Jenden and Gieskes, 1983). Whether these
safety concerns are realistic or not is simply unknown; however, academic drilling in hydrated
areas will be impeded until more is known about gas hydrate structure and until techniques are
established that can assess the potential risk of blowouts in particular areas. Unfortunately, the
drilling of many other scientific targets are being stymied because they occur beneath hydrated
sediments.

Future Resource?

The resource potential of marine gas hydrates is currently unknown, but considering the possibility
of enormous gas reservoirs, gas hydrates will continue to attract attention until they are
development targets or it is demonstrated that they do not have resource value.
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Paleoceanographic Importance of Gas Hydrates
Storage of a Greenhouse Gas

The stability of continental rise gas hydrates will be affected by the change in pressure that is
associated with substantial sea level changes. During the Pleistocene glaciations sea level was more
than 100 meters lower than it is today and the associated pressure change would cause the lower
limit of gas hydrate stability to rise about 20 meters. This may have created a weak "lubricated"
zone along the rise at the base of the BSR that could have resulted in frequent sediment failures.
Thus, when sea level drops, large volumes of methane (a greenhouse gas) may be released.
Conversely, when sea level rises, the lower limit of gas hydrate stability will migrate downward
and may trap more gas. These changes in the stability field will change the size of the marine gas
hydrate reservoir by a few percent. Given that there are about 3.6 Gt of methane carbon in the
modern atmosphere, a release of one tenth of one percent of the carbon from the gas hydrate
reservoir would be equivalent to the anthropogenic inputs of the last century! Scenarios can be
constructed that suggest the exchange between the gas hydrate reservoir and the atmosphere may
determine the limits of glaciation (Nisbet, 1990; MacDonald, 1990; Paull et al.,1991).
Unfortunately, neither the volumes of gas that are involved, nor their dynamics are well enough
understood to assess whether or to what degree marine gas hydrates act as a buffer or accentuator
to climatic change.

THE STUDY AREA
Nature and Detection of Gas Hydrates
Seismic Detection of Marine Gas Hydrates

Gas hydrates are usually detected in marine sediments with seismic reflection data because they
produce a bottom simulating reflector. The BSR often cuts across normal sediment bedding planes,
thus clearly distinguishing itself as an acoustic response to a diagenetic change rather than a
depositional horizon. The BSR is believed to represent the base of the gas hydrate stability zone
which occurs between about 200 and 600 meter depths below sea floor on continental rises. The
pores of sediments above the BSR are partly filled with gas hydrates, which may increase the
sediment density, while deeper sediments may contain free gas. The Carolina Rise, particularly
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along the Blake Ridge, was the area where marine gas hydrates were first identified on the basis of
a BSR and is an area where gas hydrates appear to be especially extensive (Fig. 1) (Markl et al.,
1970; Tucholke et al., 1977; Shipley et al., 1979; Paull and Dillon, 1981; Dillon and Paull, 1983;
Markl and Bryan, 1983) and might be considered the "type section" for marine gas hydrates.

Where gas hydrates have been detected in seismic reflection data, the BSR is a very high amplitude
reflector that is associated with a phase reversal (Shipley, et al., 1979; White, 1979). Phase
reversals are diagnostic of a change from high acoustic impedance (density x velocity) above to
lower impedance below. This phase reversal may indicate that the upper sediments are extensively
cemented with gas hydrates while another zone exists at or beneath the BSR where the gas hydrates
have decomposed (or trapped gas from below) and released free gas back into the sediment pores.
The published velocity measurements in sediments from the Carolina Rise indicate very high
velocities above the BSR and very low velocities just below the BSR (Fig. 2). These low velocities
have been attributed to gas-charged sediments and it has been hypothesized that the gas hydrates
may be a seal for a significant natural gas reservoir (Dillon et al., 1980). While similar velocity
structures have been found elsewhere (Andreassen et al., 1990), lesser velocity contrasts occur at
the BSR at some other sites (Miller et al., 1991; Hyndman and Spence, 1992).

Sampling of Marine Gas Hydrates

Gas hydrates are believed to be common in continental margin sediments because seismic reflection
data have indicated their presence in every ocean basin (Kvenvolden and Barnard, 1983;
Kvenvolden, 1988a, b). Gas hydrates are well known from permafrost drilling (Makogon, 1981;
Collett and Kvenvolden, 1987; Kvenvolden and Grantz, 1991) and have been recovered from
piston cores (Yefremova and Zizhchenko, 1975; Brooks et al., 1984; Brooks et al., 1991); they
have also been sampled in DSDP and ODP holes (i.e. Legs 67, 68, 76, 84,96, & 112).

An attempt to drill a strong BSR was made on DSDP Leg 11 on the Blake Ridge. At the time the
origin of the BSR was a mystery. Very gassy sediments that self-extruded from their core liners
were recovered at Sites 102, 103, and 104. Although the conclusion at the time was that the level
of the BSR had been penetrated and it corresponded with a hard layer at the base of the hole
(Hollister et al., 1972), this interpretation was based on estimates of sediment velocity that are
lower than subsequent work has indicated occur at this site. Therefore, we question whether DSDP
Leg 11 actually penetrated to the level of the BSR.
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DSDP Site 533 was successfully drilled on the flanks of the Blake Ridge to sample hydrated

sediments. Site 533 was intentionally located on the periphery of the major gas hydrate field, and

did not penetrate into sediments associated with significant seismic blanking that is indicative of

extensive hydrate formation. Nevertheless significant amounts of hydrate were encountered

(Kvenvolden et al., 1983). Seismic reflection profiles only identify well developed gas hydrates,

while the smaller patches of gas hydrate remain undetected. Thus inventories of the extent of gas

hydrates based on seismic reflection data should be treated as minimum estimates.
SCIENTIFIC OBJECTIVES AND METHODOLOGY

Summary of Objectives

1) To determine the amounts of gas trapped in extensively hydrated sediments.

2) To understand the lateral variability in the extent of gas hydrate development.

3) To investigate the distribution and fabric of gas hydrates within sediments.

4) To establish the physical property changes associated with gas hydrate formation and
decomposition in continental margin sediments.

5) To assess whether the gas captured in gas hydrates is produced locally or has migrated in from
elsewhere.

6) To measure changes in the porosity (and permeability?) structure associated with gas hydrate
cemented sediments.

7) To determine the role of gas hydrates in stimulating or modifying fluid circulation.
Specific Objectives and Methodology
Quantity of Gas Hydrates

The amount of methane that may be stored as gas hydrate within marine sediments is at present
poorly known. One large step toward assessing the size of this inventory is to establish the amount
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of methane that exists in the most extensively hydrated areas. Unambiguous estimates of in situ gas
hydrate volumes can best be determined by pressure core sampling (PCS). Multiple runs of the
PCS tool will be required to adequately characterize the extent of variation, especially with
stratigraphic and lithologic changes. However, other types of detailed subsurface information and
geophysical techniques can be calibrated here to estimate the amounts of gas hydrate in other areas.

Spatial Variation of Gas Hydrate Development.

To date, most studies on the distribution and occurrence of gas hydrates have been directed at
regional distribution patterns that are inferred from BSR characteristics. However, seismic
reflection profiles also show that there is an enormous amount of local lateral variability in the
strength of the BSR and extent of the acoustically blank zone above the BSR within individual gas
hydrate containing regions The causes of these variations are not understood and merit further
study via the drilling of closely-spaced holes.

The subsurface depth of the BSR in multichannel seismic reflection profiles from the Carolina Rise
- Blake Ridge gas hydrate field shows the predicted linear increase with increasing water depth
(Fig. 3). However, there are considerable variations on this trend, which should not occur in a
homogeneous system. Thus, there are either errors of £25% in the velocities that are used to
calculate the depth to the BSR (perhaps related to lateral variabilities in the extent of hydration),
local changes in the composition of the subsurface gases and fluids, local changes in the thermal
structure of the sediment column, or zones where gas hydrates have not reached equilibrium with
local conditions. The relative importance of these parameters in causing BSR depth variations
needs to be examined.

Fabric and In Situ Distribution of Gas Hydrates

The physical characteristics of the gas hydrates that have been sampled from marine sediments also
suggest that gas hydrate distribution is quite patchy in a vertical sense. At present, little is known
about the effects of either grain size or lithology on gas hydrate formation. Hydrates may form as
either veins or lenses that have some horizontal continuity, or as isolated gas hydrate nodules
within the sediment matrix. If they are in fact laterally continuous layers, they may control the local
permeability and velocity structure. In some hydrate-containing cores, the gas hydrates form layers
up to several cm in thickness, particularly in coarser grained sediments, suggesting an association
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with more permeable conduits. The relative importance of finely disseminated gas hydrates in terms
of the size of the hydrate pool is difficult to assess. Finely disseminated gas hydrates may be
under-sampled because they are not visually detected and leave only slight chemical signatures in
normal core samples. More and better fabric data on gas hydrate occurrences are needed to improve
the quality of gas hydrate volume estimates and to understand the effects of the gas hydrates on the
structure of the sediments, which will require detailed sampling and in situ experiments in different
settings.

Seismic Velocity Estimates

By measuring the acoustic velocities of hydrated sediments it may be possible to assess the
amounts of gas hydrate that exists in the subsurface. The inferred occurrence of gas hydrate in the
sediment is adequate to increase the sediment interval velocities by ~25% in some places, which
suggests the amount of gas hydrate must be extensive. However, the consequences of adding high
velocity material to the sediment column are difficult to predict, especially without knowing
whether the gas hydrates can be best thought of as a pervasive cement or discrete nodules in
otherwise unaltered sediments (Toksoz et al., 1976).

Various elastic wave velocities have been reported for experimentally grown gas hydrates that
range from 2.4 to 3.8 km/sec (Stoll, Ewing, and Bryan, 1971; Stoll and Bryan, 1979; Davidson et
al., 1983; Pandit and King, 1982). However, these measurements have all been made on systems
containing pure propane and ethane gas hydrates (type II) which may not be representative of the
methane gas hydrates (type I). Thus, the relationship between gas hydrate amounts and sediment
velocities needs to be calibrated in situ.

The addition of gas hydrates to sediments may be analogous to cementation of the sediments and is
believed to decrease the impedance contrast between the sediment layers above the BSR and
produce the amplitude blanking zone that is observed above the BSR. These changes in the
acoustic impedance have been used to model the amount of gas hydrates that are in the sediments
(Dillon et al., 1991; Miller et al., 1991; Lee, in prep.). Modeling estimates indicate large amounts
of gas hydrate are required to produce the observed acoustic blanking in the sediment, especially in
the Carolina Rise Blake-Ridge area (Dillon et al., 1991).
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Determining the in situ sediment velocities in areas of extensive gas hydrates will require special
care to collect and integrate data from the different techniques for velocity measurement. Well log
data provide accurate information on the velocity structure that occurs within a few meters of the
hole. Vertical seismic profiles (VSP) can provide data on the interval velocities (Hardage, 1985;
Shipboard Scientific Party, 1990). Thus, differences between the averaged values (VSP) and the
well log velocities will indicate how typical the core site is of the surrounding sediments.
Shipboard physical property measurements are frequently done after the gas hydrates have started
to or are completely decomposed. Comparisons with velocity log data and velocimeter
measurements may provide insight into the velocity change associated with gas hydrate
decomposition.

Sources of the Gas (in situ Production or Upwards Migration?)

We are interested in assessing whether the gas hydrate system is sustained by in situ production or
requires gas to migrate from elsewhere. In order to have gas hydrate formation, saturation of
methane or another hydrate-forming gas is required. Because the existing isotopic and
compositional data on the Blake Ridge suggest that this gas is biogenic methane (Brooks et al.,
1983; Galimov and Kvenvolden, 1983), it is frequently assumed that the gas is produced locally
beneath surficial, sulfate-reducing sediments. Thus, between the zone of sulfate depletion and the
BSR, the onset of gas hydrate formation (~100 mM CHj concentrations under in situ P/T
conditions) must occur. Depth-concentration profiles of microbial byproducts will indicate whether
there has been adequate amount of local microbial gas production (Claypool and Kaplan, 1974) to
account for the observed methane concentrations.

Conversely, if the in situ production of methane and other gases is not adequate to generate
saturation at shallow depths, then there must be addition of gas from below (Hyndman and Davis,
1992). Biogenic gas may accumulate as a result of recycling of gas at the base of the gas hydrate
stability zone. As continental rise sediments are progressively buried, they experience an increase
in temperature associated with the geothermal gradient. At some point the sediments will leave the
gas-hydrate stability field. Gas bubbles produced by gas hydrate decomposition would be expected
to move upward and reenter the gas-hydrate field above. If the recapture of the gas that is mobilized
into the sediments above by the gas hydrates is perfectly efficient, the gas will never get out of the
system. Thus, the gas that is above the BSR may have been produced at any time in the history of
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the rise. The gas hydrates which form the ~3 m thick layer in the Middle America Trench
(Kvenvolden and McDonald, 1985) almost certainly formed in a flow conduit.

Another approach to discriminate between locally produced gas and migrated gas may come from
the depth distribution of gas hydrates. If the gas hydrates are produced locally in favorable
lithologies, there should be a gradual increase in the amount of gas-hydrate with depth. However,
if the gas is advected up from below gas-hydrate amounts will increase dramatically near the base
of their stability field (i.e., near the BSR).

Physical Property Changes in the Sediments

The formation of gas hydrates within sediment pores may significantly alter the mechanical
properties of the sediment in a number of ways: 1) the pore volume will be decreased by authigenic
mineral (hydrate and carbonate) formation and will lead to a reduction in the porosity and
presumably the permeability structure of the sediments; 2) the authigenic addition of the gas hydrate
will also change the mechanical properties and consolidation pathways of the sediments; and 3) the
low thermal conductivity of gas hydrates will alter the thermal structure of hydrated sediments.

Very little data are available on the porosity structure of hydrated sediments. Shipboard physical
property data suggest that the normal porosity reduction may have taken place by gas hydrate in-
filling. For example, data collected by DSDP at Site 533 indicate the porosity remains near 57%
right to the base of the hole (399 m), which is surprisingly high for silty-claystones (Gregory,
1977).

Changes in the velocity structure of hydrated sediments suggest that either the volumes of gas
hydrate are very high or the gas hydrates are very efficient at binding the sediments together to
produce a high velocity medium. At present we do not know whether the gas hydrates
preferentially grow in the voids or at grain contacts or how effective they are at binding sediment
together. However, the growth of gas hydrates in the sediment pores will inevitably affect the
sediment’s compaction history. Thus samples that were extensively hydrated, but have passed out
of the gas-hydrate stability realm, should be under-consolidated and mechanically weak, especially
if the pore spaces are now gas charged. The potential change in physical properties related to
dehydration needs to be assessed as a mechanism for causing slope failure (Kayen, 1988; Paull et
al., 1991).
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The thermal conductivity of gas hydrates is lower than that of the pore waters they replace (Stoll
and Bryan, 1979; Sloan, 1989) and the thermal conductivity of free gas layers is very low. Thus
areas where there is any appreciable volume of gas-hydrate (above the BSR) and gas (at or beneath
the BSR), may act as a thermal insulator within continental margin sediments. Lateral variations in
the thermal characteristics of sediment may occur because zones of extensively hydrated sediment
will be better insulated than less hydrated areas. Heat may be refracted toward less extensively
hydrated sediments. If lateral thermal gradients exist, then they may stimulate fluid circulation.

Some heat flow measurements from the Carolina Rise were made in 1991. Additional
measurements will be made at the drill sites in September 1992 by von Herzen et al. The existing
data show that the gradients are between 20° and 40°C/km. While adjacent measurements tend to be
similar, there are larger than expected variations along transects which may be related to lateral
variations in hydrate development.

Hydrologic Circulation within Gas Hydrated Sediment Sections

Sediments associated with extensive gas hydrate formation may have undergone a significant
porosity reduction. As a consequence, the gas hydrate cemented sediments in the Blake Ridge -
Carolina Rise gas hydrate field may act as a barrier for pore water exchange between the continental
margin sediments and the adjacent ocean waters. Any fluid flow which is in response to regional
gradients (Manheim and Horn, 1968; Manheim and Paull, 1981) will be concentrated into breaks in
the gas hydrate seal. Moreover, local circulation systems might be stimulated as a consequence of
hydration processes because 1) saline fluids in the hydrated zone will be heavy and will tend to
sink, or conversely, waters associated with the natural breakdown of gas hydrates in the
subsurface will be buoyant with respect to seawater and thus will rise, 2) the lower thermal
conductivity of the free gas beneath the gas hydrates will refract heat away from areas that are
extensively hydrated toward areas that are less hydrated (thermal differences may stimulate small
circulation systems, Kohout, 1967), and 3) compactive expulsion of pore waters from sediments
(Shi and Wang, 1986) may occur either above or below the gas hydrates. Compactive expulsion
may be particularly active underneath the gas hydrates as the sediments undergo a porosity and
pore fluid pressure increase as a consequence of dehydration and the release of gas (Kayen, 1988).
Fluids may migrate laterally to escape upward at breaks in the overlying seal.
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If there are circulation cells within the hydrated sediments, their internal characteristic may be
indicated by patterns of velocity variations in the sediment, pore waters and heat flow gradients that
overlie these cells. A close relationship between sediment physical properties and pore water
advection may exist in hydrated regions of continental margins which will require closely spaced
holes that are carefully sited with respect to known lateral changes in reflection characteristics.

Chemical Changes Associated with Gas Hydrated Sediment Sections
Effects of Jon Exclusion During Gas Hydrate Formation on Continental Rise Pore Waters

The ionic concentration of pore fluids increases as gas hydrate formation proceeds because the gas
hydrates remove water and gas (e.g., methane) and leave behind the residual salts. Thus, the
composition of continental rise pore waters (especially Cl- concentration) may be used as a
predictor of gas hydrate presence and extent (Fig. 4). Moreover, if no anomalies exist, then either
there is no appreciable amount of gas hydrate formation, or fluid circulation has wiped out the
anomalies.

Isotopic Fractionation and Signature of the Pore Water Sources

During the formation of gas hydrates, there is a tendency for the heavy molecules of water (H;180
or DH!60) to become preferentially concentrated in the gas hydrate lattice, while the isotopically
lighter molecules of water (H,160) are left in the residual water (Davidson et al., 1983). This
phenomenon has been employed to explain deep-sea sediment cores that contain water with higher
5180 content and lower salinities than seawater as having been generated by the recent breakdown

of gas hydrates (Hesse and Harrison, 1981; Harrison and Curiale, 1982), and other pore waters
from deeper cores that are isotopically light and saline as resulting from the expulsion of fluids
during gas hydrate formation (Kvenvolden and Kastner, 1989).

Solid Phase Records

At present we do not have techniques to indicate whether gas hydrates were once developed in
ancient sediments. However, there is a largely unassessed potential for significant diagenetic
changes (e.g., Wada et al., 1981) to occur as a consequence of gas hydrate formation and
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decomposition. For example, the oxygen isotope ratios in diagenetic siderite found on the Blake
Ridge are believed to be related to gas hydrate decomposition (Matsumoto, 1989). Thus, these
materials may contain a record of paleo-BSR positions. To evaluate these materials, we need more
sampling from sedimentary units that have experienced the diagenetic changes associated with
extensive gas hydrate formation.

Calibrating the BSR as a Temperature-Pressure-Composition Indicator

The BSR pins the boundary at which three phases (hydrate-gases-water) co-exist. Thus, in theory,
if one knows the chemical composition and the depth at the BSR one can calculate the temperature
from gas hydrate phase data (Fig. 5) and use the BSR as a tracer of sediment temperatures.
Unfortunately the gas hydrate phase equilibria is very sensitive to the composition of the pore
fluids and gases and trace levels of various microbial or thermogenic gases (e.g., HS, CO2, CHy,
C;Hg) and ions (e.g., Cl-) which shift the phase boundaries (Deaton and Frost, 1946; Kobayashi

etal., 1951; de Roo et al., 1983).

Because the ionic concentration of pore fluids increases as gas hydrate formation proceeds, the
hydrate-gases-water phase boundary will shift toward higher pressure and lower temperature.

In situ data on the characteristics of gas hydrates are needed. While a considerable research effort is
being directed toward hydrate research using surface techniques, ultimately the only way to
unequivocally establish the in situ characteristics of the gas hydrated sediments is by drilling in
areas that are well surveyed and where the influence of hydrates is most dramatic (Max et al.,
1991).

DRILLING PLAN/STRATEGY

Two different types of drilling strategies can be envisioned to investigate the properties of extensive
gas hydrates; 1) holes could be drilled through the entire hydrated section and well into the
sediments below, or 2) drilling can be targeted to sample extensively hydrated sediments above the
BSR, but stop before the base of the gas hydrate zone (as indicated by the BSR) is penetrated.
Proposals to drill through the entire hydrate zone in areas that may be associated with extensive gas
hydrates may be stymied by safety concerns. Thus, a program that pursues option 2 and poses
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minimal safety concerns is outlined here. However, this program can be easily expanded to include
drilling through the BSR's. The proposed drilling strategy stresses closely spaced holes, pressure
core sampling, downhole fluid sampling, and borehole geophysical experiments.

Drilling is proposed along transects in three areas in the Blake Ridge - Carolina Rise gas hydrate
field where the geology and topography are relatively simple, so that the basic properties of the
hydrated sediments and their spatial variation can be addressed (Table 1). These areas have been
selected for detailed gas hydrate studies from the extensive regional seismic survey data because
they are areas where the patterns around the BSR and of the seismic blanking are especially clear.
However, rapid lateral changes occur along the proposed transects from areas where the BSR's are
extremely well-developed to areas where the influence from gas hydrates are minimal or
undetectable in seismic data.

The three areas have been selected to contrast the influences of gas-hydrate properties under
different continental rise settings. These include an area where the gas for the hydrates may have
been produced in situ, an area where the gas for hydrate formation may have migrated from below,
and an area where the hydrates have been disturbed and may have decomposed within the sediment
column.

Special efforts will be devoted to in situ sampling using the PCS and WSTP tools during the
drilling of these hole. A high priority will given to running a full suite of logs and to conducting
VSP before leaving these holes. Exact site selection should include input from the safety panel.

Area I is on the crest of the Blake Ridge (Fig. 1), a major sediment drift (Tucholke et al., 1977).
This area has been selected because 1) it is a topographically simple area, 2) it is expected to have
very extensive gas hydrates because it is associated with the highest interval velocities that have
been reported for a gas hydrate-cemented area, 3) the crest of the ridge provides structural closure
on the BSR surface which should make an effective seal that prevents gas escape so that extensive
free gas could be trapped beneath the BSR, 4) it lies on old oceanic crust (Klitgord and Behrendt,
1979) so that heat flow should be uniform, and 5) the sources of gas are more limited than in Areas
II and III because the sedimentary section is thin and there is no obvious source of migrated gas.
Moreover piston core data indicate that sulfate depletion and the advent of microbial methane
production occurs at shallow depths (~10 m) on the Blake Ridge, which suggests that gas-hydrates
may have been produced by in situ methane production at this site.
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The strategy in Area I is to drill holes at three closely spaced sites down the northern flank of the
Blake Ridge (proposed sites BRH-1a, BRH-2a, and BRH-3a) in an area where the sedimentary
units dip upward toward the sea floor. Here the same sedimentary units can be sampled and
compared over short lateral distances, but where they apparently contain varying amounts of
hydrate. Also this transect will enable the assessment of the lateral hydrate variations due to local
lithologic, chemical, and hydrologic factors.

Area II is on the upper Carolina Rise (Fig. 1). This area has been selected because 1) it is on a
normal section of the rise rather than a sediment drift, 2) it corresponds with an extremely well-
developed BSR that is crossed by stratal reflectors making the lithologic control identifiable, 3) it is
about the topographically smoothest area on the rise and is not associated with diapirs or slump
scarps, and 4) at these sites, the potential for migration of gas through various layers will be
examined. This area overlies the thickest section of the Carolina Trough which is composed of rift-
stage crust overlain with ~8 km of continental shelf strata before being capped by the modern rise
sediments (Hutchinson et al., 1982). As a consequence, Area II will have different sources of
fluids than Area I. Existing piston core data indicate that the pore fluid sulfate concentration
gradients are much more gentle in Area II than in Area I, which suggests, that the potential for
microbial methane production is much less at this site. In Area II, the sedimentary layers slope
upward toward the sea floor through the hydrate stability field. Beneath the BSR an appreciable
thickness of very reflective layers are observed on seismic reflection profiles. These reflective
layers apparently are sediment beds of variable porosity and grain size. Where these beds cross the
BSR they lose their reflectivity in the blank zone, but they again become clearly traceable in the
section a few hundred meters above the blank zone. Here the same layers can be penetrated and
cored over a short lateral distance. Thus the physical properties of individual sediment layers can be
compared between closely spaced sites where geophysical data indicate a lateral transition from
non-hydrated to hydrated sediment.

Area III is on the upper rise around 33°00'N, 75°55'W in ~2500 m of water (Fig. 1). Area Il is in
the same geologic setting as Area II, but is associated with the sole of a major slump scar and the
crest of an exhumed diapir. Piston core and dredge samples from the top of the diapir contain
hemipelagic materials of diverse Tertiary ages. The continuity of the BSR is lost near the diapir.
Thus, the diapir apparently produced a “hole” in the regional gas hydrate field. In contrast to Areas
I and II, this “hole” in the gas hydrate field has a tectonic origin that is associated with slumping
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and/or the emplacement of a diapir. Area II will serve as a “background” control of what Area III
samples were like before the tectonic disturbance to the hydrate system.

PROPOSED SITES
Areal

Proposed site BRH-1a is located on the crest of the Blake Ridge (CH-06-92, line 31 - 31°50.59'N,
75°28.12'W) in 2722 m of water. Here, a well developed BSR is at 0.54 sec subbottom. DSDP
Site 102 was drilled to a total depth of 661 m nearby, where the BSR occurs at 0.62 sec.
Experience from DSDP Site 102 indicates that bore holes can approach, and perhaps penetrate, the
BSR in this area without problems. At 1850 m/sec (a low velocity which minimizes the chances of
encountering the level of the BSR unintentionally) the BSR originates from at least 499 m sub-
bottom. We are proposing that one hole be drilled at proposed site BRH-1 into the thick section of
acoustically “transparent” sediments to 480 m. If gas has slowly infused into the overlying
sediments from below the BSR, hydrate development may be at an extreme in this hole. At the
highest velocities that have been suggested (2500 m/sec), the BSR would be penetrated by 675 m.
Thus, it is proposed that this hole be extended to 750 m (BRH-1a ext.) .

Proposed site BRH-2a is located on the upper flank of the Blake Ridge (on CH-06-92, line 31 -
31°49.85'N, 75°25.11'W) in 2825 m of water. The BSR is not evident at this site although strong
BSR’s exist at the up- and down-slope proposed sites, BRH-1a and BRH-3a. Thus, a “hole” in the
BSR’s surface exists at this site. However, a series of strong reflections that are apparently related
to stratigraphic horizons beneath the predicted level of the BSR (~0.55 sec sub-bottom as projected
up and down slope) occur here. The hole drilled at proposed site BRH-2a should penetrate well
below the level of hydrate stability, into these reflective sediments. With a range of sediment
velocities between 1850 and 2500 m/sec, the inferred base of the hydrate stability zone would lie
between 509 and 688 m, respectively. To be sure that this level is penetrated, the proposed depth
of the hole is 800 m.

Proposed site BRH-3a is located on the upper flank of the Blake Ridge (on CH-06-92 line 31 -
31°54.40'N, 75°23.02'W) in 2965 m water. Here, a BSR is at 0.57 sec subsurface. Assuming a
velocity of 1850 m/sec, the BSR is at 527 m sub-bottom depth. We are proposing to drill through
the upper 500 m at this site into a thick section of acoustically “transparent” sediments. This bore
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hole is intended to obtain a direct comparison of the same stratigraphic horizons above the BSR that
were sampled below the projected level of the BSR at proposed site BRH-2a. The horizons which
extend to the shallower depths from proposed sites BRH-2a to BRH-3a are acoustically transparent
at the latter, but reflective at the former. From the discontinuous nature of the BSR, this site is
inferred to have the least amount of free gas near the BSR. Now assuming a high velocity of 2500
m/sec, the BSR is at 684 m sub-bottom. This hole would need to be extended from 500 m (as
proposed for the hole at proposed site BRH-3a) to 750 m (BRH-3a.ext).

If these extended holes are approved for drilling, it is suggested that the drilling order be changed
so that the BSRs of increasing strength are drilled sequentially. Thus, the reference holes at
proposed sites BRH-2a and CRH-1 should be drilled first followed by extended holes at proposed
sites BRH-3a (BRH-3a ext.), CRH-2 (CRH-2 ext) and finally BRH-1a (BRH-1a ext).

Area 11

In Area I, holes are proposed at two sites (proposed sites CRH-1 and CRH-2). Proposed site
CRH-1 is at SP 100653 on CH-06-92 line 41 (32°46.88'N, 75°57.4'W) in 2647 m water. No
BSR exists here. However, there are a series of reflective horizons at 0.6 to 0.8 sec that are below
the inferred level of hydrate stability. This hole at this site is planned to penetrate 800 m into these
sediments.

Proposed site CRH-2 is at SP 100539 on CH-06-92 line 41 (32°46.76'N, 75°55.20'W) in 2732 m
water. The BSR is at 0.55 sec. The proposed depth of the hole at this site is 540 m. This hole is
intended to obtain a direct comparison of the same stratigraphic horizons above and below the
projected level of the BSR. The units in proposed site CRH-1 project to the shallower depths and
can be sampled in proposed site CRH-2 above the level of the BSR. However, these units are
acoustically transparent at the latter, but reflective at the former. The strategy at proposed sites
CRH-1 and CRH-2 is similar to that at proposed sites BRH-2 and BRH-3, but the inferred source
of the gas in area I and II may be substantially different. The hole at proposed site CRH-2 may be
deepened from 540 m to 750 m (CRH-2 ext). Thus, even at the higher range of proposed sediment
velocities, the hole would penetrate well into the section beneath the BSR.
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Area III

A transect of shallow drill holes (50 m deep) through the sole of a major slump on the flank of the
Cape Fear Diapir are proposed (proposed sites CFD-1, CFD-2, CFD-3, and CFD-4) in Area III.
One of the objectives of drilling this transect is to establish the tectonic, thermal, and hydrologic
influence of the diapir on gas hydrates. In addition, samples will be obtained from a structural
transect from sediments that are beneath the sole of a major slump, crossing upturned strata and to
the crest of the diapir. These sample should have been exposed to differing degrees of hydrate
formation and decomposition. The zone of deformed sediments that rims this diapir may provide a
conduit for fluid flow from deeper zones including the fluids from beneath the zone of hydrate
stability. Shallow samples from the crest of this diapir will provide information on the conditions
deeper in the rise. We will also examine the nature of fluid and gas transport through the sole of
this major sediment scar. These strata were buried to more than 140 m depths before being
exhumed by slumping and the process of re-equilibration to new shallower conditions may provide
great insight into the sensitivity of hydrated sediment to changes in the physical conditions and to
the dynamics of gas-hydrate venting. Although this and other Atlantic diapirs are believed to be salt
structures, the existence of salt has not been documented and the previous sampling on top of these
structures has not produced data to confirm this assumption. Drilling in Area III should establish
the nature of these diapirs.

Proposed site CFD-1 is at SP 1873 on CH-15-91 line 10 (33°00.95'N, 75°56.75'W) in 2690 m of
water and the hole at this site will penetrate into Plio-Pleistocene sediments that are not directly
affected by diapirism. Proposed site CFD-2 is at SP 1808 on CH-15-91 line 10 (33°00.3'N,
75°55.8'W) in 2700 m of water at the edge of the diapir. Proposed site CFD-3 is at SP 1765 on
CH-15-91 line 10 (32°59.9'N, 75°55.18'W) in 2650 m of water on the middle of the diapir’s
flank. Proposed site CFD-4 is at SP 1708 on CH-15-91 line 10 (32°59.3'N, 75°54.25'W) in

2590 m of water, near the crest of the diapir where a melange of materials are expected.

This transect covers a horizontal distance of only 3600 m and may not require that the drill string be
pulled between holes. Although these holes are being proposed to only 50 m sub-bottom because
of safety concerns, these sections will be adequate to develop meaningful two dimensional picture
of the compositional and chemical gradients associated with gas hydrate cemented sediments that
have been deformed by slumping and diapir emplacement. Experience with surface ship piston
coring has shown that the diapiric material is too firm for wire-line coring techniques. A Deep-
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Tow survey of the crest of this diapir will be conducted in October 1993 which may result in
modification of the individual hole locations.

ADDITIONAL CONSIDERATIONS
Drilling Safety

The potential existence of free gas beneath the BSR represents a significant drilling safety concern.
Whether these concerns are realistic or not can only be assessed on a site-specific basis. However,
uncertainty about hydrate properties will remain if drilling is limited to marginal sites and areas
where the geophysical anomalies do not suggest the presence of gas. Thus, to understand the full
significance of hydrated sediments, we need to cautiously approach sites of major hydrate
formation.

Site-specific information suggests that appreciable amounts of free gas do not exist beneath the
BSR in the areas that were approved for drilling. Over-pressured gas pockets, which cause blow-
outs, are unlikely near the BSR, because an increase in the gas pressure would extend the range of
the hydrate stability, causing the boundary between gas and hydrate to migrate downward until a
new equilibrium is re-established.
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Figure 1. Distribution of bottom-simulating reflectors (BSRs) off the southeastern United States. Bathymetric
contours are in meters. The areas proposed for drilling are indicated by boxes. From Dillon and Paull, 1983
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Figure 2. Velocity analysis of CDP data across the BSR. High velacities are indicated above the BSR and average
velocities less than seawater occur in the interval beneath the BSR. Resolution of the velocities is at best limited to

zones that are about 100 m thick (from Dillon and Paull, 1983).
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TABLE 1

PROPOSED SITE INFORMATION
and
DRILLING STRATEGY

SITE: BRH-1a PRIORITY: POSITION: 31°50.59'N, 75°28.12'W
WATER DEPTH: 2722m  SEDIMENT THICKNESS: ~2km TOTAL PENETRATION: 480m
SEISMIC COVERAGE: CH-06-92 line 31

Objectives: To sample a thick section of acoustically “transparent” sediments on the crest of Blake Ridge where gas
hydrates may be extensive.

Drilling Program: XCB, PCS and RCB coring.
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: BRH-1a ext. PRIORITY: POSITION: 31°50.59'N, 75°28.12'W
WATER DEPTH: 2722m SEDIMENT THICKNESS: ~2km TOTAL PENETRATION: 750m
SEISMIC COVERAGE: CH-06-92 line 31

Objectives: To sample the sediments and gases that are associated with a string BSR.
Drilling Program: XCB, PCS and RCB coring.
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: BRH-2a PRIORITY: POSITION: 31°52.84'N, 75°25.11'W
WATER DEPTH: 2828m SEDIMENT THICKNESS: ~2km TOTAL PENETRATION: 800m
SEISMIC COVERAGE: CH-06-92 line 31

Objectives: To drill through the base of the hydrate stability field and into the sediments below which are in an area
associated with a “hole” in the BSR.

Drilling Program: APC, XCB, and RCB coring
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.
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SITE: BRH-3a PRIORITY: POSITION: 31°54.40'N, 75°23.02'W
WATER DEPTH: 2965m SEDIMENT THICKNESS: 2km TOTAL PENETRATION: 500m
SEISMIC COVERAGE: CH-06-92 line 31

Objectives: To sample the same stratigraphic units as proposed sites BRH-2a, but where they are believed to
contain gas hydrates because they are acoustically “transparent”,

Drilling Program: APC, XCB, PCS, and RCB coring.
Logging and Downhole Operations: Logging and VSP,

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: BRH-3a ext. PRIORITY: POSITION: 31°54.40'N, 75°23.02'W
WATER DEPTH: 2965m SEDIMENT THICKNESS: 2km  TOTAL PENETRATION: 750m
SEISMIC COVERAGE: CH-06-92 line 31

Objectives: To sample the sediments and gases that surround a weak BSR.
Drilling Program: APC, XCB, PCS, and RCB coring.
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: CRH-1 PRIORITY: POSITION: 32°46.88'N, 75°57.4'W
WATER DEPTH: 2647m SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 800m
SEISMIC COVERAGE: CH-06-92 line 41

Objectives: To drill into sediments beneath the projected level of gas hydrate stability in an area that is not
associated with a BSR.

Drilling Program: APC, XCB, PCS, and RCB coring.
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: CRH-2 PRIORITY: POSITION: 32°46.74'N, 75°55.20'W
WATER DEPTH: 2732m SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 540m
SEISMIC COVERAGE: CH-06-92 line 41

Objectives: To sample the same stratigraphic units as at proposed site CRH-1 but where they are believed to
contain less gas hydrates because they are acoustically “transparent”.

Drilling Program: APC, XCB, PCS, and RCB coring.
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.
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SITE: CRH-2 ext. PRIORITY: POSITION: 32°46.74'N, 75°55.20'W
WATER DEPTH: 2732m  SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 750m
SEISMIC COVERAGE: CH-06-92 line 41

Objectives: To sample the sediments and gases that are associated with a moderately strong BSR.
Drilling Program: APC, XCB, PCS, and RCB coring.
Logging and Downhole Operations: Logging and VSP.

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: CFD-1 PRIORITY: POSITION: 33°00.95'N, 75°56.75'W
WATER DEPTH: 2690m SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 50m
SEISMIC COVERAGE: CH-15-91 line 10

Objectives: To carry out background sampling along a transect into the diapir. The hole will penetrate the sole of a
major slide.

Drilling Program: RCB coring.
Logging and Downhole Operations:

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: CFD-2 PRIORITY: POSITION: 33°00.3'N, 75°55.8'W
WATER DEPTH: 2700m SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 50m
ISEISMIC COVERAGE: CH-15-91 line 10

Objectives: To sample beds at the edge of the diapir where the disturbance associated with the diapir is at an
extreme.

Drilling Program: RCB coring.
Logging and Downhole Operations:

Nature of Rock Anticipated: Hemipelagic silt and clay.

SITE: CFD-3 PRIORITY: POSITION: 32°59.5'N, 75°55.18'W
WATER DEPTH: 2650m SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 50m
SEISMIC COVERAGE: CH-15-91 line 10

Objectives: To sample beds at the edge of the diapir where the disturbance associated with the diapir is at an
extreme.

Drilling Program: RCB coring.
Logging and Downhole Operations:

Nature of Rock Anticipated: Hemipelagic silt and clay.
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SITE: CFD-4 PRIORITY: POSITION: 32°59.3'N, 75°54.25'W
WATER DEPTH: 2590m SEDIMENT THICKNESS: ~8km TOTAL PENETRATION: 50m
SEISMIC COVERAGE: CH-15-91 line 10

Objectives: To sample surface sediments on the crest of an exhumed diapir.
Drilling Program: RCB coring.
Logging and Downhole Operations:

Nature of Rock Anticipated: Salt? Hemipelagic silt and clay.
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LEG 165

DIAMOND CORING SYSTEM:
VEMA FRACTURE ZONE
A BRIEF ENGINEERING AND OPERATIONS PROSPECTUS

Modified From The August 1992 Report to the JOIDES Planning Committee
and Material Prepared and Supplied By Dan Reudelhuber, ODP Engineer

To Be Named: Co-Chief Scientist and Staff Scientist

ABSTRACT

The Vema Fracture Zone has been proposed as the next engineering test site for the Diamond
Coring System (Phase II), scheduled for Leg 165 in January - February, 1996. The area is
characterized by relatively thin sediments overlying limestone formations, deposited on upthrust
blocks of crust. The limestone is anticipated to be on the order of 400-m thick in some areas. Water
depths range from a few hundred meters to over 2,000 m.

Only two out of the three previous deployments of the Diamond Coring System can be considered
successful. A failure of the secondary heave compensation system during Leg 142 precluded
successful coring with the system.

Changes made to the Phase II system during 1992-1993 will be tested at sea for the first time
during Leg 165, the most significant of these changes being the modifications made to the
secondary heave compensation system. The development, testing, and proving of the secondary
heave compensation is critical to the future of the Diamond Coring System, as it is impossible to
slimhole core offshore without effectively removing heave motion at the core bit.

A secondary objective of the Leg 165 engineering test will be an assessment of new hardware, in
particular the diamond retractable bit which has the potential to significantly improve the
operational efficiency of the Diamond Coring System by greatly decreasing the time required for
coring bit trips.
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INTRODUCTION

Although the Diamond Coring System (DCS) (Fig. 1) has been deployed three times since its
inception in 1988, only two deployments can be considered successful.

The DCS-Phase I system was tested in 1989 during Leg 124E. The concept was to core using a
narrow kerf diamond core bit rotated at high speeds with light bit weights and precise heave
compensation, all in deep water. Based on the test, the concept appeared feasible and the decision
was made to design and develop an operational prototype. The Phase II version of the DCS was
designed, built, deployed, and tested during a one-year period between August 1989 and August
1990. A 79-m hole was drilled/cored on Leg 132 at the Bonin Ridge with respectable recovery
through the fractured zone. Good quality cores of the elusive, highly fractured basalts were finally,
successfully recovered. In 1992, the Phase II version was deployed for the second time on

Leg 142 (January-March, 1992). A failure of the secondary heave compensation system precluded
successful coring with the system. Based on documented visual observations, there were problems
associated with computer control of weight on bit. A bent cylinder and erratic load cell readings
were, at that time, felt to be major contributors to the system’s failure to compensate.

The Vema Fracture Zone has been proposed as the next engineering test site for the DCS,
scheduled for Leg 165 in January-February, 1996. Changes made to the DCS system during 1992-
1993 will be tested at sea for the first time during Leg 165. The most significant of these changes
has been made to the secondary heave compensation system. A much more robust compensation
controller has been designed, and it will be built and tested extensively on land during 1993.

TEST AREA

Formations expected at the Vema Fracture Zone are characterized by relatively thin sediments
overlying limestone formations, deposited on upthrust blocks of crust. The limestone is anticipated
to be quite thick in some areas, on the order of 400 m. Water depths range from a few hundred
meters to over 2,000 m.

In August, 1992, a multichannel seismic reflection survey was conducted at the Vema Fracture

Zone with the ship OGS Explora (Fig. 2). The preliminary shipboard analysis of the data, as
summarized below, was carried out by E. Vera, M. Ligi, and E. Bonatti.
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The transverse ridge, located on the southern side of the Vema Fracture Zone, is an east-west
elongated feature that reaches exceptionally shallow bathymetry (up to <600 mbsl) about 80 km
west of the intersection of the fracture zone with the Mid-Atlantic Ridge (Fig. 2)

Limestones and other rocks dredged from this segment of the ridge indicate that the transverse
ridge is an uplifted sliver of oceanic crust capped by shallow-water reef limestones (Bonatti et al.,
1983). From the study of paleofacies and ages of these limestones, Bonatti et al. (1983) concluded
that the crustal block was exposed subaerially in middle Pliocene time (about 3 m.y. ago) and
subsequently sank to its present depth at an average rate of 0.3 mm/yr, i.e. at a rate one order of
magnitude faster than the predicted thermal contraction subsidence.

Vera, Ligi, and Bonatti have tentatively reached the following conclusions, illustrated in Fig. 3:
1. A ~ 400-m thick layer of material with average 2 km/s velocity caps the summit of the transverse
ridge. Based on studies of bottom samples, this layer represents a shallow water carbonate

platform that emerged as an island up to about 3 Ma.

2. The carbonate cap lies on a horizontal surface, i.e. the top of an uplifted block of igneous rock.
The horizontal boundary suggests erosion at sea level during subsidence.

3. The seismic velocity of the top of the basement is ~ 4 km/s, grading up to ~ 5.4 km/s about
200 m below the top of the basement. A possible interpretation calls for basalt grading down
into a dike complex, consistent with the transverse ridge being an uplifted block of oceanic crust

that is undergoing subsidence since about 3 Ma.

4. The average ~ 2 knv/s velocity of the ~ 400-m-thick limestone cap, and the <2 km/s inferred for
the top ~ 100 m suggest that unconsolidated sediments prevail near the top of the section.

ENGINEERING OBJECTIVES
Summary of Objectives
1) To maximize coring time and recovery time with the DCS.

2) To test additional new hardware, such as the DCS retractable bit (DRB) and, if required,
a 6-3/4” Drill-In Bottom Hole Assembly (DI-BHA).
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OPERATIONS PLAN

Upon arrival at the Vema Fracture Zone, a bottom TV survey will be conducted in order to locate a
possible area for HRB emplacement. Since some limited sediment cover is expected, it is likely that
a test hole will be drilled to assess near-surface lithology and to help determine setting depths for
the DI-BHA.

The ideal location for the HRB would have less than 1-m sediment cover. A HRB will be
assembled and run to bottom once a suitable location is chosen. The 10-3/4” DI-BHA will then be
deployed in order to set the stage for coring with the DCS.

The DCS will then be picked up and coring will proceed.

Significant changes will have been made to the secondary heave compensation system prior to

Leg 165. Specifically, a completely new compensation system controller will be tested and tuned at
the initiation of DCS coring. New bit designs will also be tested when the 10-3/,” DI-BHA is
drilled in. Two different diamond bit/center bit designs will be available. These are expected to be
much more efficient in the limestone formation than the 12-1/,” roller cone bits used on Leg 142 at
the East Pacific Rise (EPR). New bits for the 6-3/4” DI-BHA system may also be tested if hole
conditions dictate that a second string of casing be set. The 6-3/4” DI-BHA hardware has also been

modified to include a loss of pressure indicator for when back-off occurs.

If initial coring is successful with conventional diamond bits, a segmented DRB system may be
tested. The DRB allows the 3.96” diamond core bit to be changed without tripping the DCS tubing
out of the hole. This retractable bit hardware will ride on the inner core barrel and can be viewed
after each core run. Successful deployment of this hardware will potentially save a significant
amount of time that would have been used for tripping the DCS tubing in place of coring.

REFERENCES

Bonatti et al., 1983. Tectonophysics, 91:213-232.
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