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ABSTRACT

Quantitative studies of benthic foraminifera and stable isotopes from 4 DSDP/ODP
holes (552A, 608, 547A, 646B in the North Atlantic Ocean), and one inland borehole (Salé
Briquetterie, Morocco) have been conducted to determine the deep-water circulation in the
North Atlantic and its possible relationship to the Mediterranean Salinity Crisis during the
Messinian. The Messinian sequences in these holes are well controlled by integrated
magneto-, isotope- and bio-stratigraphy. Our data show a distinct relationship between the
Atlantic deep-water circulation and the Meditezranean Salinity Crisis.

Benthic foraminifera from Salé core clearly show three major stages of water
exchange, which are constrained by local tectonic movements during the Messinian: Stage
1 occurred between 7,12-6.2 Ma is characterized by paleo-Mediterranean outflow water
(PMOW) leaking, suggesting an anti-estuarine circulation system. This model suggests that
the paleo-Mediterranean Basin probably was equivalent to an euxinic environment where
the bottom water had become stagnant and poorly oxygenated below sill depth. Stage 2
(6.2-5.9 Ma) is marked by a reversed current (i.e., Atlantic inflow into the Mediterranean).
This reversed current reflects a strong negative water balance in the Mediterranean Basin
caused by strong evaporation, and marks the onset of the Mediterranean salinity crisis.
Stage 3 (5.9-5.32 Ma) is characterized by a significant uplift of Morocco and salinity crisis
in the Mediterranean Basin. In Stage 3, seven glacioeustatic sea-level lowerings occurred,
once every 100,000 yrs, coinciding with the eccentricity orbital parameter. These sea-level
fluctuations may have served as an “automatic choke™ in controlling the Atlantic water
infilling, and have caused the cyclic evaporite deposits in the Mediterranean Basin. At about
5.6 Ma, a major transgression is observed in Salé core, which is considered to have caused
the unconformity that separates the Lower and Upper Evaporites in the Mediterranean
Basin. Such sea-level changes are also observed in abyssal North Atlantic indicated by
similar numbers of deep-water turbidite cycles at Site 646 and climate cycles recorded at
Site 552. It is clear that the cause of the Mediterranean Salinity Crisis has been associated
with both Moroccan uplift and sea-level lowerings that coincide with eccentricity forcing,

In the deep ocean, three major paleoceanographic phases similar to those in
Morocco are also determined in the intervals of 7.12-6.2 (Stage 1), 6.2-5.9 (Stage 2), and
5.9-5.32 Ma (Stage 3), respectively. During Stage 1, the North Atlantic was characterized
by relatively strong, altered North Atlantic Deep Water (NADW) and Antarctic Bottora
Water (AABW) fluxes, indicating relatively good ventilation in the open ocean. This is also
supported by the presence of an unconformity at Site 547 that cut off the early Messinian
section (7.12-6.2 Ma). AABW may have pinched out at least as far as 60°N in the North
Atlantic Ocean at this time. During Stage 2, AABW was significantly reduced during the
onset of Mediterranean Salinity Crisis. In Stage 3, deep-water circulation varied
significantly. In particular, both NADW and AABW were greatly reduced at 5.75 and 5.55
Ma, respectively. These two major reductions are coeval with two major glaciations
recorded in stable oxygen isotopes, indicating the cause coupled with climate cooling and
Mediterranean Salinity Crisis. The salinity crisis could have caused open ocean to be more
sluggish. However, brief returns of NADW and AABW have occurred during the
“interglacial” at about 5.6 Ma. This return has been linked to the major unconformity
(resulting from inundation) that separates the Lower and Upper Evaporites in the
Mediterranean Basin.
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CHAPTER 1

GENERAL INTRODUCTION

1.1. This stndy
1.1.1. Importance and problems of the Messinian deepwater circulation

The Messinian Stage is considered to be one of the most important intervals of the
Neogene, where a number of paleoceanographic and paleoclimatic events, termed
"Terminal Miocene events" (Van Couvering et al., 1976; Kennett, 1983) occurred. In
particular, the formation of the Giant Salt in the Mediterranean Sea could have drained off
more than six percent of dissolved salts and turned the world oceans less alkaline, resulting
in deep waters that were more undersaturated in calcium carbonate, and thus caused more
extensive carbonate dissolution in deep oceans (Ryan, 1973). The concurrent freshening of
surface sea water resulting from the loss of the salts may have enhanced the formation of
high latitude sea ice, leading to the great burst of glaciation in Antarctica, and further to the
formation of global deep water circulation (Kennett, 1983).

Messinian deep water circulation has not only been closely related to tectonic
movement, marine sedimentation patterns, and faunal migrations, but also to redistribution
of salt and heat on a global scale. The latter is particularly crucial to the modulation of
paleoclimate. Various scientists (e.g., Stommel, 1958a, b; Blanc and Duplessy, 1982;
Hooper and Weaver, 1987; D.B. Scott, pers. comm., 1993; K.J. Hsii, pers. comm.,,
1992; Ryan, 1973) postulated that the shutting—off of the Paleo-Mediterranean Outflow
Water (PMOW) into the Atlantic Ocean and salt extraction during the Messinian Salinity
Crisis could have caused a series of paleoceanographic changes in the world oceans and
changes of global climate. Some important recent studies suggest that glacial and
interglacial cycles ma;, have been linked with deep water circulation (Broecker and Denton,

1990; Broecker et al., 1990; Lehman and Keigwin, 1992a; Lehman and Keigwin, 1992b;
1



Lehman and Keigwin, 1992c; Veum et al., 1992), rather than with Milankovitc_h forcing
alope (i.e., precession, eccentricity and obliquity). Broecker and Denton (1989) estimated
that the production of the North Atlantic Deep Water (NADW) releases an amount of heat to
the North Atlantic north of 35°N which is equivalent to 25% of incoming solar radiation.
However, after over twenty years of study, our knowledge of the Messinian deep
water circulation in the North Atlantic and its relationship to the Messinian Salinity Crisis is
still limited, leaving various assumptions poorly understood. This may he attributed to: 1)
incomplete stratigraphic sections in oceanic basins and misinterpreted stratigraphic records;
2) low sampling resclution; 3) concentration on large size fractions (>150 um) for benthic
foraminiferal s-udies, which eliminates ~80% of the small population of total benthic fauna
(Kurihara and Kennett, 1992; Schroder et al., 1987); and 4) difficult stratigraphic
correlation between open ocean and the Mediterranean due to the isolation of the

Mediterranean Sea from the Atlantic Ocean during the Messinian.

1.1.2. Objectives and approaches

The primary objectives of the study were: 1) to determine the response of the North
Atlantic bottom waters, namely the North Atlantic Deep Water (NADW), the Mediterranean
Outflow Water (MOW), and the Antarctic Bottom Water (AABW) to the Messinian Salinity
Crisis; and 2) to evaluate the relationships between the Messinian bottom water masses,
paleoclimate, and tectonic evolution in the North Atlantic Ocean and inland Morocco. A
secondary objective of the project was to procure accurate Messinian stratigraphic control
based on an integration of biostratigraphy, magnetostratigraphy, and isotopic stratigraphy.
To achieve the above objectives, four approaches were undertaken:

1. Continuous and complete (or nearly so) Messinian sections were selected from
stratigraphically important locations which may have been influenced by deep water

masses;
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2. High sampling resolution. Low sampling resolution obviously does not satisfy

the frequent connections and isolations between the Atlantic and Mediterranean Sea,
resulting from highly fluctuating Messinian climate and tectonic activities during Messinian
time;

3. Foraminiferal and stable isotope analyses. Deep water masses are distinguished

in today's oceans by combinations of temperature, salinity, and geochemical tracers (such

as 5180 and 813C). However, reconstructions of water masses in past oceans rely
primarily on deep—water organism biofacies and deep—water benthic foraminiferal isotope
analyses (i.e., geochemical tracers). Study of benthic foraminifera is essential because
stable isotopic studies alone yield uncertain conclusions resulting from the difficulties of
separating isotopic value from temperature fluctuation and ice volume variation. Certain
benthic foraminiferal assemblages are considered bottom water indicators because they are
sensitive to environmental parameters such as oxygen content, temperature and salinity,
which are expected to have replaced each other when the bottom waters changed during
pre—""desiccation", "desiccation", and post—"desiccation" of the Messinian.

The variation of oxygen and carbon stable isotope values recorded in benthic
calcareous fossil tests results from changes in the isotopic composition of the seawater
caused by environmental changes. The isotopes provide information not only for

stratigraphic correlation, but also for paleoenvironmental gradients. AABW is distinguished

from NADW by its strongly positive 8180, lower 813C and high nutrients (Worthington,
1970). MOW is even higher (averaging ~1.5%c) in §13C than NADW due to low
productivity in the Mediterranean (Hodell et al, 1989). These isotope criteria are used to
determine bottom water characteristics in my study. In addition, oxygen isotope values in
planktonic foraminiferal tests indicate climatic changes. For example, a high 6180 value
implies a low temperature, and vice versa, in the surface dwellers planktonic foraminifera.
4. Messinian stratigraphic contiol. To determine the bottom water characteristics at

selected time slices within the Messinian, a reliable integrated stratigraphic scheme was



investigated. Planktonic foraminiferal biostratigraphy for all selected sites both from
abyssal basin and inland, and isotope stratigraphy for Site 608 are investigated in this
study, while nannofossil biostratigraphy, magnetostratigraphy and isotope stratigraphy for
the remaining selected sites (or whichever possible) are reinterpreted based on the available
data obtained during each DSDP/ODP leg, and the latest development of Messinian

stratigraphy and chronology.

1.2. Brief geological background of the North Atlantic Ocean
In this introductory chapter, I will provide brief geological and physical
oceanographic background information, which may be potentially necessary for

interpretation of data in this study.

1.2.1. Tectenics

The opening of the North Atlantic began in the Middle Jurassic, some 165 million
years ago, although the central Atlantic, Caribbean and Gulf of Mexico might have formed
little earlier (Sclater and Tapscott, 1979). The Norwegian—Greenland seas started to open
between 60-63 Ma. Most of the major topographic features of the Atlantic had formed and
the Vema Channel between the Rio Grande Rise and South America subsided to the depth
below 4000 m by 36 Ma, allowing AABW formed in the Weddell Sea to enter the Norith
Atlantic Basin. An important change at this time was the change in motion between
Greenland and North America. Greenland changed from a rotation about northern Baffin
Bay to a rotation about a pole near the center of the Sahara. This movement resulted in the
opening of the Baffin Bay and Labrador Sea. During the early to middle Miocene overflow
water from the Norwegian—Greenland seas began to flow in significant quantities into the
North Atlantic, creating basic circulation patterns existing in the modern Atlantic Ocean

(Kennett, 1983).



By the late Miocene, the North Atlantic basin had attained its approximate present
size, shape, and depth. The circum-—equatorial seaways were virtually closed at about 5.5
Ma. Major tectonic subsidence of the Iceland—Faeroe ridge caused by sea—floor spreading
between Greenland and Scandinavia (Vogt, 1972; Talwani, Udintsev et al., 1976; Nilsen
and Kerr, 1978; van Hinte, 1979; Thiede, 1980) in the North Atlantic is considered to have
occurred during the middle Miocene, although the subsidence might have been initiated
during the Oligocene.

Several important fracture zones along the Mid--Atlantic Ridge (Fig. 1-1), such as
the Romanche Fracture Zone at the equator north of the Brazil Basin, Vema Fracture Zone
at ~11°N, and Charlie-Gibbs Fracture Zone at ~52°N, may have served an important role
in deep water circulation. Miller et al. (1987) suggested that AABW could have entered .ato
the eastern North Atlantic from the western Atlantic across the Romanche Fracture Zone
during the Miocene. In addition, McCartney et al. (1991) and McCartney (1992)
determined that AABW diluted by NADW in the western North Atlantic Basin, enters the
northeastern Nort!: Atlantic through the Vema and Romanche Fracture zones at ~ 11°N and
near the equator, respectively. They observed that the abyssal circulation in the northeastern
Atlantic basins such as Gambia Abyssal Plain, South Canary Basin, and North Canary
Basin is strongly influenced by the Vema Fracture Zone. The Charlie-Gibbs Fracture Zone
serves as a major conduit through which the Norwegian Sea overflow water moves into the
Irminger Basin, and then into the Labrador Basin in the western North Atlantic Ocean
(Broecker and Peng, 1982; McCave and Tucholke, 1986; Arthur et al., 1989).

The Mediterranean Sea, which played a particularly important role in late Miocene
paleoceanography and paleoclimatology, has experienced great changes in its configuration
since the Miocene. This inland Sea has been considered a relic sea transferred from the
Tethys as a result of the northward movement of the Africa plate (Suess, 1901), On the
contrary, Argand (1924) considered that the Tethys was completely terminated by the

Alpine Orogeny, and the modern Mediterranean basins were formed during a major
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extensional phase in late Oligocene and early Miocene. However, the study of heat flow
(Erickson and Von Herzen, 1978) uuring DSDP Leg 42A suggested that the Mediterranean
basins originated a quite different geological times. Hsii and Bernoulli (1978) suggested
that only Levantine and Ionian seas in the Eastern Mediterranean may represent relics of
Tethys, while the Tyrrhenian, Balearic and Aegean seas were formed during the late
Cenozoic as evidenced by high heat flow. The Aegean Sea, lacking oceanic crust, is the
youngest, mainly having subsided during the Quaternary. Hsii and Bernoulli (1978)
reported that the Tyrrhenian Sea was formed as a back—arc basin largely prior to the
Messinian salinity crisis. There are some crucial controversies for the origin of the Balearic
Basin. Hsii et al. (1978) claimed a subsidence of the Balearic in early Miocene, whereas
Stanley (1974) suggested a foundering in the Pliocene. This is a critical issue for the
genesis of the Giant Salt in the Balearic basin as to whether or not the deep Mediterranean

basins were desiccated as Hsii, Ryan and Cita (1973) proposed.

1.2.2, Seaways

The history of basin development in the Cenozoic North Atlantic is a history not
only of the progressive tectonic enlargement, but also of the opening of seaways that
apparently are important in exchanging surface and deep water between the oceanic basins
(Berggren and Hollister, 1974; Miller and Tucholke, 1983; Miller et al., 1987). Deep water
exchange between the oceanic basins via seaways may result in differential chemical
fractionation of water masses, local and global climatic fluctuations, and changing
biogeographic provincialism. During the Messinian Stage, several seaways are considered
to be crucial in Atlantic and Mediterranean paleoceanography, such as the Panamanian
Isthmus, the Gibraltar Strait, the Iceland~Faeroe Channel, the Denmark Strait, and the
Vema Channel.

The Panamanian Isthmus served as a communication conduit of seawater between

the Atlantic and Pacific before Pliocene time. This conduit shoaled since the fate Miocene
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causing a possible global decrease of carbon—13 (Bender and Keigwin, 1979), and its final

closure took place at about 3.5 to 2.5 Ma (late Pliocene), triggering the initiation of the
Northern Hemisphere glaciation (Keigwin, 1978; Marshall, 1988; Coates et al., 1992;
Collins, 1993). Many studies (e.g., Gartner et al., 1987; Duque-Caro, 1990; Coates et al,,
1992) show that the benthic assemblages pattern on the Atl>—*ic side became quite different
from that on Pacific side when the shoaling of the Panamanian Strait took place.

The Iceland—Faeroe Sill (about 600-1000 m below present sea level}, once above
sea level, began to subsicde about 28 Ma, as a result of sea—floor spreading, linking the
Arctic Ocean as a heat sink to the Atlantic, and thus the world oceans. The main body of the
Iceland-Faeroe Ridge subsided below the sea level by the middle Miocene (Vogt, 1972;
Talwani, Udintsev et al., 1976; Thiede, 1980; van Hinte, 1979), although there is a
possibility that some of the deeper sills such as the Denmark Sill and Faeroe Bank Channel
may have subsided earlier (Roberts et al., 1983; Write and McKenzie, 1989). This
significant subsidence allowed fundamental deep-—-water mass exchanges between the Arctic
and the other oceans (Schnitker, 1980).

The base of Denmark Strait is about 600 m below the present sea level. The history
of its evolution is least well documented. It has been suggested to have begun a rifting
since Anomaly 24, some 56 million years ago (White and McKenzie, 1989), but it did not
subside below the sea level until 35 Ma (Miller et al., 1987). The Denmark Strait probably
reached its present depth during the late Miocene.

The Strait of Gibraltar (about 300-400 m below present sea level) is the only
passage between the Mediterranean Sea and the world ocean at the present time. Major
water exchange between the inland sea and open ocean depends on this passage. However
this strait is geologically young. It was opened only some 5 million years ago (at the
beginning of the Pliccene). Prior to the Pliocene, two seaways, namely the Betic Passage
in southern Spain, and Rifian Corridor in northwestern Morocco, existed for water

exchange between the Atlantic and the Mediterranean Sea. These coupled seaways have



been called the "Twin— channel" (Benson et al., 1991). These twin—channels completely
closed at the end of the Messinian (~ 5.3 Ma) as a result of the uplift of the Betic-Rifian
Orogeny, immediately followed by the opening of the Gibraltar Strait. The uplifting and
restricting of the twin~ channel probably, in part, caused the isolation of the Mediterranean

Sea from the Atlantic Ocean at this time.

1.3. Physical Oceanography of the North Atlantic and Mediterranesn Sea
1.3.1. Deep-water circulation

Deep water circulation is driven by temperature- and salinity-related density
differences, which may result in global climate change through redistribution of oceanic
heat and salt. There are three major source areas in the world ocean producing deep water
masses, namely the Norwegian-Greenland seas in the north, the Weddell Sea and the Ross
Sea in the Antarctic, which produce super-cooled, high salinity, high density waters that
sink to the deep ocean. Today's North Atlantic Ocean is dominated by three major deep
water masses, i.e., the northward—flowing Antarctic Bottom Water (AABW; Fig. 1-2), the
southward-flowing North Atlantic Deep Water (NADW; Figs. 1-2; 1-3) with a branch
entering the eastern North Atlantic Ocean is known as Northeast Atlantic Deep Water (Fig.
1-3), and by the Mediterranean Qutflow Water (MOW; Fig. 1-4; also see "Overflow"
below for more details).

The Antarctic Bottom Water is one of two principal components of Southern Ocean
circulation, the other being the Antarctic Circumpolar Water (CPW) (Pudsey et al.. 1988).
This southern hemisphere thermohaline flow is cold and nutrient-enriched, formed mainly
(~70%) in the Weddell Sea by the increase of salinity and density due to the sea ice
formation, and associated with the melting and freezing at the bottom of ice shelves in the

Antarctic (Gordon, 1975; Foldvik and Gammelsrod, 1988). Although AABW (density c; =

27.9) is not as dense as the deep waters in either the Norwegian-Greenland seas or the

Mediterranean Sea, it does not have to pass over shallow ridges or through straits where
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Fig. 1-3. Schematic map showing the main paths followed by the two types of North
Atlantic Deep Water - North-East Atlantic Deep Water (NEADW) and North-West Atlantic
Bottom Water (NWABW) - in relation to the topography of the sea floor and the flow of
Labrador Sea Water (LSW). Flow data are from Open University (1989).
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Fig. 1-4. Distribution of (a) temperature (°C) and (b) salinity (%0) at 1000m depth in the
North Atlantic, showing the spread of Mediterranean Outflow Water (MOW) (after Open
University, 1989).
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large quantities of less dense water become entrained in it, and thus it is the most dense

water in deep open ocean (Open University Course Team, 1978). AABW flows
northwards after leaving the Weddell Sea, and reaches about 40°N in the North Atlantic
Ocean through the Argentine Basin and Vema Channel north of the Brazil Basin (Gordon,
1975). As mentioned earlier, this water also enters into the eastern North Atlantic through
Vema and Romanche Fracture zones in the Mid—Atlantic Ridge. It becomes stronger during
interglacial periods (Pudsey et al., 1988).

During Messinian time, AABW not only occurred in the western North Atlantic, but
also in the eastern North Atlantic (Murray et al., 1986, Murray, 1986). This type of water
was also suggested to be in the Labrador Sea during the Tortonian (Kaminski et al., 1989).

The history of circulation of AABW is equivocal. One idea is that AABW entered
the North Atlantic when the Vema Channel subsided during the Pliocene (McCoy and
Zimmerman, 1977). Other suggestions are that it flowed into the North Atlantic during the
middle Miocene. Murray et al. (1986) reported that the earliest AABW was recorded at 10
Ma. AABW moved northward progressively, and reached about 57° N at 5.0 Ma when
MOW was shut off.

The North Atlantic Deep Water (NADW) is a nutrient—enriched and cold deep water
mass. It is initiated in the Norwegian-Greenland seas when the Mediterranean Outflow
Water and the Gulf Stream enter there through the Iceland—Faeroe Ridge and sink to the
bottom as they cool (Gordon, 1975). This denser water mass feeds back across the
Iceland-Faeroe Ridge and Denmark Strait to the Atlantic Ocean, and combines with
intermediate water south of the Ridge to form NADW (Turnau and Ledbetter, 1989),
although Zahn et al. (1987) suggested a contrast for the late Quaterna. ;. Characteristics of
NADW are apparent in the western boundary current as far as 40°S. Eventually, a part of
the water mass flows further southward, and is entrained within CPW entering the other

major oceans.
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In the North Atlantic Ocean, however, two types of NADW have been recognized.

They are the North East Atlantic Deep Water NEADW) and North West Atlantic Bottom
Water (NWABW). NEADW crosses the sill between Iceland and Scotland with
temperature about 2.5°C and salinity about 35.03%0. Some of this water continues south in
the eastern basin, whereas the remainder flows into the western basin. NWABW crosses
the sill between Iceland and Greenland. It is considered to be a combination of Norwegian—
Greenland Deep water (NGDW), NEADW and Labrador Sea Water (LSW), with
temperature 1°C and salinity 34.91%0 (Open University Course Team, 1978)(refer to
“Overflow” for more details).

Most recently, some scientists (Broecker et al., 1990; Broecker, 1990; Lehman and
Keigwin, 1992a; Lehman and Keigwin, 1992b; Lehman and Keigwin, 1992c) have
proposed a twist to the model of the conveyor—belt/salt-oscillator hypothesis. This
conveyor model contains two subsurface belts in the North Atlantic Ocean, which carry
NADW southwards. The upper belt is fed mainly by open ocean convection in the
Labrador Sea, and the lower one primarily by convection within the Norwegian Basin
(Lehman and Keigwin, 1992b). The movement of these subsurface belts eventually are
driven by warm salty surface water which includes the Gulf Stream and Mediterranean
Outflow. Schmitz and McCartney (1993) hypothesized that most NADW may upwell in the
Antarctic Circumpolar Current regime, eventually to form Antarctic Intermediate Water
(AAIW) and AABW, while small amounts continue into the Pacific and Indian oceans. A
similar conveyor belt was originally suggested by Gordon (1986) and Rroecker (1987)
(Fig. 1-5).

NADW production began prior to the late Miocene (Schnitker, 1980; Blanc and
Duplessy, 1982; Miller and Fairbanks, 1985; Wooddruff and Savin, 1989). However, it
has experienced great changes since then. For example, there has been an abrupt increase in
its production rate immediately prior to the large scale melting of the Northern Hemisphere

ice sheets and a reduction during the last glacial maximum recorded in the Southern Ocean
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Fig. 1-5. The great ocean conveyor logo (after Broecker, 1987)
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(Charles and Fairbanks, 1992). In addition, Wright et al. (1991) suggest a complete

shutdown at 8.6 Ma, and highest productions at 9.8-9.3 Ma, 7.8~7.0 Ma, and after 5.8
Ma during the late Miocene. During the middle Miocene, NADW dominated the cntire
North Atlantic Ocean and it is considered to have been initiated when the main Iceland-
Faeroe ridge subsided. NADW seems to have been much stronger in the Messinian than in

the middle Miocene.

1.3.2. Surface Circulation in the North Ailantic Ocean

1.3.2.1. The Subtropical Gyre

The North Atlantic Subtropical gyre (Fig. 1-6) is the main clockwise surface

oceanic circulation system in the area, which is related to the overlying regions of high
pressure in the atmosphere, and to the anticyclonic wind fields where the westerlies blow
eastward from North America at 45°N and trade winds westward from Africa at 15°N.
Because the center of the mid-latitudes anticyclone in the atmosphere tends to be located
over the eastern rather than the western side of the ocean, whereas the Subtropical gyre is
nearly centered in the western side, the gyre becomes asymmetrical in physical
characteristics between the east and west. In the east of the gyre, relatively slow, wide,
shallow and diffuse currents occur (known as the eastern boundary currents, such as the
Canary Current), whereas fast, narrow, deep and intense currents are developed in west of
the gyre (known as the western boundary currents, such as the Gulf Stream)(Open
University Course Team, 1989). The western boundary current is typically only some 100
km in width but has a velocity greater than 2 m s~.. The eastern boundary current (the
Canary Current) is more than 1000 km wide with a velocity of less than 0.25 m s (Open
University Course Team, 1978). The central water mass in the North Atlantic subtropical
gyre is situated in the Sargasso Sea. It serves as a 700-800 m deep warm water pool in

which the upper layer of most of the North Atlantic Ocean is produced (Pickard and Emery,
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1982). This water mass is characterized by high temperature (about 25-28°C), low

nutrients, low biological productivity, and little terrigenous input.

1.3.2.2. The Gulf Stream

The Gulf Stream (Fig. 1-6) plays an extremely important role in the formation of
Atlantic deep water circulation (e.g., Worthington, 1976; McCartney, 1992). This stream is
originally derived from the North Equatorial Current joined by some of the South
Equatorial Current across the Equator as a function of the deflection by the Brazilian
coastline. Much of the North Equatorial Current enters the Caribbean Sea through the
passage between the Lesser Antiles, and continues through the Yucatan Channel into the
Gulf of Mexico. The ouilet from the Gulf of Mexico is through the Strait of Florida, most
of the water taking a direct path from the Yucatan Channel into the Strait of Florida and not
taking part in the circulation of the Gulf of Mexico itself (Open University Course Team,
1978). The Gulf Stream (s.s.) may be considered to extend from the Strait of Florida to the
Grand Banks of Newfoundland (~55°N). It has two sections separated by a line east of the
Cape Hatteras. In the first section between Florida and Cape Hatteras, the current runs
along the Blake Plateau following the continental slope with a depth limited to about 800 m,
and remains narrow and well-defined, and meanders are restricted to a maximum of 55 km
amplitudes. In the second section beyond Cape Hatteras, after leaving the continental slope,
the flow moves into deeper water (~4000—-5000 m), and becomes more complex in
chemophysical nature, with meanders commonly over 350 km in amplitude. The meanders
between Cape Hatteras and the Grand Banks often break off as independent eddies with
estimated lifetimes of more than 2 years after separating from the Gulf Stream (Open
University Course Team, 1978).

By the time Gulf Stream reaches the Grand Banks of Newfoundland, the it has
broadened considerably and become more diffuse. East of this area it is more correctly

referred to as the North Atlantic Current (or North Atlantic Drift). The North Atlantic

X
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Fig. 1-6. The Gulf Stream in relation to the surface circulation of the Atlantic; the Stream
consists of water from the equatorial current system (much of which comes via the
Caribbean/Gulf of Mexico) and water that has recirculated in the North Atlantic subtropical

gyre. The broken lines represent cool currents (after Open University, 1989).
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Current divides into a number of branches. Most of the water turns south-eastwards to

contribute to the Canary Current and to recirculate in the subtropical gyre (Open University
Course Team, 1978). One branch turns westward into the Irminger and Labrador Basins
across the Mid-Atlantic Ridge from the northeastern Atlantic region (Lehman and Keigwin,
1992; McCartney and Talley, 1984). Other branches continue north—-eastwards into the
Greenland-Norwegian Sea through the Iceland—Faeroe Channel, and then sink to the

bottom as they are super-cooled.

1.3.3. Overflows

In the North Atlantic Ocean, six overflow waters have been described (Worthington
and Wright, 1970; Worthington, 1976): 1) Denmark Overflow; 2) Norwegian—Greenland
Overflow; 3) Mediterranean Sea Outflow through the Strait of Gibraltar; 4) Labrador Sea
Water; and 5) Inflow of AABW north of the Brazil Basin (refer to 1.3.1. Deep water
circulation for details). All these sources ccntribute to the North Atlantic Deep Water.

The Denmark Strait Overflow (about 50 km in width near the sill) is mainly
composed of Arctic Intermediate Water spilling out primarily through Denmark Strait (Price
and Baringer, in prep.). This overflow joins the Iceland-Faeroe Overflow in thie western
Irminger Basin, and is pushed southward along the continental slope of Greenland by
Coriolis force.

The dense Norwegian Sea Deep Water spills out mainly through Iceland—Faeroe
Channel at rate of 0.8 m per second (Price and Baringer, in prep.), termed the Norwegian-
Greenland Overflow. It is strongly steered by Coriolis force along the east side of the Mid—
Atlantic Ridge (i.e. the Reykjanes Ridge). This water returns northward along the west side
of the Reykjanes Ridge after passing the Charlie-Gibbs Fracture Zone, and then is joined
by the Denmark Strait Overflow in the northeastern Irminger Basin. Another eastern branch
of the Iceland-Faeroe Overflow moves around the Rockall Plateau, and later merges into

the western one in the east side of the Reykjanes Ridge (Stow and Holbrook, 1984).
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Labrador Sea Water is formed when water from the surface of the Labrador Sea

sinks to the bottom of the western arm of the western North Atlantic Basin, This water was
mistaken to be the major source of the North Atlantic Deep and Bottom Water (e.g.,

Defant, 1941; Worthington, 1954; Stommel, 1958c). Since the work of Cooper in 1955,
the Norwegian Sea overflows have come to be recognized as the main northern source of
deep bottom water for the Atlantic and, in fact, the world ocean (Cooper, 1955;
Worthington, 1976). This water mixes with the Denmark Strait and Iceland-Faeroe
overflows in the northwestern North Atlantic Basin to form NADW which enters the main
weste m basin along the continental margin of the North America (Worthington, 1976; Price
and Baringer, in prep.; Price, 1992; Broecker and Peng, 1982).

Mediterranean Outflow Water contributes to the NADW as a signi, ‘cant source,
During winters, cooling and evaporation, associated particularly with the dry Mistral wind,
can lead to convection right down to the sea floor. The deep water thus formed has T-S
characteristics ot 12.8°C and 38.4%o, corresponding to o; = 29.1. (Open University
Course Team, 1978). The water flowing into the Atlantic through the Strait of Gibraltar (at
a rate of 1.3 m per second; Price et al., 1993) is called the Mediterranean Outflow Water
(MOW). When it mixes with Atlantic water, it is reduced to about 11°C in temperature and
about 36.5%o in salinity, corresponding to o; = 27.8 in density. It measures about 100 m in
thickness near the Strait of Gibraltar (Price et al., 1993). At present, MOW flows out
through the bottom of the Strait, while Atlantic water into the Mediterranean rides over the
MOW, forming an anti-estuarine pattern. MOW contains two major branches, one that
flows westward into the western basin across the Mid—Ocean Ridge, and another that goes
into the Norwegian Sea contributing to Norwegian Sea overflows (Reid, 1979; Loubere,
1987). Thus this outflow serves as an important driving force for oceanographic and
climatic changes, locally and globaliy, resulting from the redistribution of its heat and salt.

During the Messinian Stagc, this MOW is envisioned to have stopped due to the

closing of the seaways between Spain and Morocco and to eustatic sea-level lowering. As
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a result, the open ocean became less saline and more undersaturated in calcium carbonate,

and thus increased oceanic carbonate dissolution (Ryan, 1973; Thunell et al., 1987).
Mediterranean Messinian deep waters outflow were interpreted by Hodell et al. (1989) and
Benson et al. (1991) from foraminiferal and ostracod assemblages, and their stable isotope
values in northwestern Morocco. MOW stopped entering the North Atlantic Ocean near the
Tortonian/Messinian boundary, corresponding to the carbon—13 shift, which implies that
cold water of the North Atlantic entered the Mediterranean Sea via a siphon between 6.4
and 5.7 Ma in the Rifian Corridor of north western Morocco (Benson et al., 1991). In
addition, Benson et al. (1991) proposed a "twin-channel" model (see above for definition)
to interpret the water balance between the Atlantic Ocean and Mediterranean Sea. They
speculated that the Atlantic inflow entered the Mediterranean Sea through the Rifian
Corridor in Morocco, while the Mediterranean Outflow came out via the Betic Passage in

southern Spain driven by Coriolis -rce.

1.4. Geological and paleoceanographic background of the Messinian Stage
1.4.1. Development of the Messinian Stage

The term "Messinian" was first introduced by Mayer-Eymar of Zurich in 1868 for
the sulfurous gypsum, brackish, and fresh water deposits near Messina in Sicily (Italy) that
straddled the Miocene/Pliocene boundary. This term was not commonly used in geological
community until 1959 when the Congress of the Committee of Mediterranean Neogene
Stratigraphy was held in Vienna, Austria. Selli (1960), almost immediately after the
Congress, proposed a composite reference section as a neostratotype at Pasqueasia and
Capodarso in central Sicily, and defired the Messinian as the only stage suitable for the
Mediterranean uppei Miocene between the Tortonian and the lower Pliocene. This section
contains the Tripoli diatomites, evaporites, and brackish deposits (the so-called Lago Mare
deposits), overlain by the lowermost Pliocene normal marine marls (known as the Trubi

Marl) which resulted from the permanent inundation by Atlantic water into the



25
Mediterranean Sea (also called "Zanclean Deluge" by Benson and Rakic-El Bied, 1991a)

following the Mediterranean Salinity Crisis. The incomplete stratigraphic records of the
neostratotype led Colalongo et al. (1979) to establish the Falconara section in Sicily as the
Messinian Stage boundary stratotype.

The presently accepted Messinian/Pliocene boundary stratotype was proposed by
Cita (1975). She defined the boundary at the base of the Trubi Marl at Capo Rossello,
Realmonte, Province of Agrigento, Sicily. This was once considered to be the best land
section then available in the Mediterranean region. Cita (1975; 1976) suggested that
Miocene/Pliocene boundary is associated with the base of the Sphaeroidinellopsis Acme
Zone within the upper part of paleomagnetic polarity Chron 5, estimated to have an age of
5.3-5.4 Ma based on the cross—correlation of Capo Rossello section and DSDP sites 125
and 132. Others (Berggren et al., 1976; Saito et al., 1975) suggest the boundary at the last
occurrence (LO) of Globoquadrina dehiscens and first occurrence (FO) of Globorotalia
tumida, with an age estimate of 5.3 Ma. Most recently, Benson et al. (in press.) found that
this section still fails to meet the operational requirements of Giobal Section Boundary
Stratigraphy and Point (GSSP) because of some important limitations of the section. For
example, diachronous biostratigraphic markers, missing paleomagnetic chrons, and no
marine record that precede the boundary datum, an unconformity between the Trubi Marl
and Arenazzolo Formation-the last non—marine Lago Mare deposits, and no significant
stable isotope changes correlatable outside of the Mediterranean. These critical problems
have led Benson et al. to suggest ‘he composite Bou Regreg Section of northern Morocco
near Rabat as a global Miocene/Pliocene boundary stratotype (Benson et al., in press).

The Bou Regreg reference section begins in the upper Toctonian (Chron 7, ca. 7
Ma), and is continuous throughout the Messinian, well into the upper Zanclean (Cochiti
Subchron; ca. 3.7 Ma), with abundant and well preserved bathyal and outer neritic
microfauna characterized by well— known biostratigraphic markers (Benson et al., in

press). The Miocene/Pliocene (M/P) boundary is placed in the paleomagnetic polarity
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reversal between the Chron 5N1 and Gilbert Chron, marked by the beginning of the

Globorotalia margaritae Acme Zone, estimated tc have an age of 5.35 Ma. The age estimate
for the stratotype is close to the new geomagnetic polarity time scale (GPTS; 5.16 Ma;
Cande and Kent, 1992; =4.86 Ma of Berggren et al., 1985), and close to the astronomical
time scale (5.32 Ma; Hilgen and Langereis, 1993) and to the GPTS of Berggren et al. (5.3
Ma; 1995).

The Tortonian/Messinian boundary is suggested to be marked by the first
occurrence (FO) of Globorotalia conomiozea (D'Onofrio, 1975), and this has been widely
accepted by most of the recent workers (Benson and Rakic—El Bied, 1991a; Krijgsman et
al., 1994; Colalongo et al., 1979; Hilgen and Langereis, 1988; 1993; Hodell et al., 1994,
and Berggren et al., 1995). However, the FO of the species is considered not to be used as
a zonal marker to define the lower limit of the Messinian in the Southwest Pacific and New
Zealand (Roberts et al., 1994) due to iis marked diachrony (FO = 6.05 Ma). This
observation led Roberts et al. (1994) to conclude that the FO of G. conomiozea is not
suitable for global correlation between ocean basins.

Several age estimates marking important Messinian boundaries and events were
recently accepted by the International Conference on the Biotic and Climatic Effects of the
Messinian Event on the Circum-Mediterranean in Benghazi, Libya, January, 1995. These
will be adopted in this study: 1) the beginning of the Messinian Stage, 7.12 Ma (ref.
Berggren et al., 1995); 2) the end of the Messinian Stage, 5.32 Ma (ref. Berggren et al.,
1995); and 3) the first postulated cut—off of Atlantic Inflow into the Mediterranean basin,
5.8 Ma (Gautier et al., 1994; or near paleomagnetic Subchronozone C3An.1n, 5.5894 Ma
(Berggren et al., 1995). However Benson et al. (1995) calibrated this level to 5.94 Ma
based on the study of the orbital precession from Salé Briquetterie section, Morocco.

DSDP/ODP (Deep Sea Drilling Project and Oceanic Drilling Program) drilling in the
North Atlantic reveals that the Messinian sections are not well preserved in abyssal and

bathyal depths, and most of them may contain incomplete Messinian section as a result of
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bottom water erosion and strong carbonate dissolution. Only very few DSDP/ODP sites

display a continuous Messinian section, such as DSDP Site 552A in the Atlantic (Keigwin,
1987), 588 in the Pacific (Hodell et al., 1986), and ODP Site 758 (Farrell et al., 1995).
These sites, therefore, have become the most important ones to reveal the mystery of the
Messinian paleoceanographic history. In this thesis I provide an integrated magneto—, bio—
and isotope stratigraphy with good stratigraphic resolution in defining the
Tortonian/Messinian and Pliocene/Messinian boundaries from some selected DSDP/ODP
Holes and a land borehole in Morocco. I expect that my stratigraphic study will fumish a
strong basis for re-construction of paleoceanographic history and for further evaluation of
the relationship between the glcbal deep water circulation and Mediterranean Salinity Crisis

during the Messinian Stage.

1.4.2 The Mediterranean Salinity Crisis

Messinian Salinity Crisis has been considered to be a spectacular geological event,
which resulted in the deposition of a large volume of evaporites (about 2000m-3000m
thick; also known as "Giant Salt") in the Mediterranean Sea. Such Messinian evaporites are
not only encountered in the abyssal Mediterranean basins, but also in the circum—
Mediterranean lands and islands in the Eastern Mediterranean Sea, such as Italy, Crete,
Sicily, Cyprus and so on. This Giant Salt has led Hsii and his DSDP (Legs 13 and 42A)
colleagues, Ryan and Cita (Hsii et al., 1973a, Hsii et al., 173b, Hsi, 1973, Hsii, 1978,
Hsii, 1987, Hsii, 1988) to formulate a spectacular hypothesis — the desiccation of the
Mediterranean Sea (also known as "Deep-basin/shallow-water model") to explain the
formation of the Giant Salt. This model has been highly questioned, because it requires at
least 13 interludes of Atlantic water inundating the desiccated Mediterranean Sea. As a
result, these 13 interludes should generate the same number of evaporitic depositional
cycles, but these have not been unearthed either in the deep sea or on the land. Four other

models have also been proposed to explain the origin of the evaporites, namely: 1)
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shallow—basin/shallow-water proposed (Bourcart, 1962; Neseroff, 1973a, b; Montadert et

al., 1978; Drooger, 1975; and Fabricus et al., 1978); 2) deep—water/deep basin (Bandy,
1973; Van Couvering et al., 1976; and Ruggeri and Sprovieri, 1976; and Rouchy, 1982a,
b); 3) Barred basin (Selli, 1973); and 4) endorheic basins (Gvirtzmann and Buchbinder;
1978; Sonnerfeld, 1975; Dietz and Woodhouse, 1988; and Drooger, 1975). Benson and
Raki-El Bied (1991a) describe the diagnostic characteristics, evidence, and mechanisms of
these models. Although the origin of the “Giant Salt” is controversial, it is evident that the

Messinian Salinity Crisis plays an important role in Late Miocene paleoceanography.

1.4.3. Global Carbon-13 Shift

The carbon~13 shift is another important Messinian paleoceanographic event which
occurred in deep marine regimes, and shows a permanently decreased oceanic 13C value at
~ 6.3 Ma (Berggren et al. 1985 time scale), slightly above the Messinian/Tortonian
boundary (Loutit and Kennett, 1979; Loutit and Keigwin, 1982; Keigwin, 1979; Keigwin,
1987; Keigwin and Shackleton, 1980; Haq et al., 1980; Hodell et al., 1986; Hodell and
Kennett, 1986; Hodell et al., 1989). The major cause of the shift has not been well
established, however, it is widely accepted that the shift may be linked to sea-level
lowering that may have increased the influx of organic matter from the continents into the
open oceans (Loutit and Keigwin, 1982; Benson et al., 1991). Bender and Keigwin (1979)
suggested that the 13C shift may indicate a different abyssal circulation pattern before the
shift resulting from the shoaling of the Isthmus of Panama, or a global decrease in
upwelling rate. Other factors, such as increase of bottom circulation rates, and increase in
biogenic silica removal in the Southern Ocean high productivity zone have been also
considered to have affected the oceanic 13C value (Loutit and Keigwin, 1982).
Stratigraphically, this shift can be used as a constraint of the lower Messinian for global

correlation because no diachroneity has been recognized between basins.
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1.4.4. Global cooling

Microfossils (Kennett, 1967a; Ingle, 1967; Kennett and Vella, 1975; Barron and
Keller, 1983) and evidence for expansion of Antarctic glaciation (Mercer, 1978; Mercer and
Sutter, 1982; Shackleton and Kennett, 1975; Kennett, 1977) indicate global cooling in the
Late Miocene. The global cooling could have resulted in a major relative sea-level lowering
by about 70m (Vail et al., 1977; Hodell and Kennett, 1986; Cita and Ryan, 1978). In the
deep North Atlantic and Pacific oceans two possible glacial events occurred at 5.2 Ma and
4.8 Ma, respectively (Keigwin, 1987). The former glacial (5.2 Ma) also has been
determined in northeastern Morocco by Hodell et al. (1989, 1994). The study of a raised
coral atoll of Niue in the South Pacific shows eight episodes of the sea-level fluctuations in
the intra-Messinian suggested by eight unconformities (Aharon et al., 1993); in Mallorca of
the Western Mediterranean Sea, Pomar and Ward (1994) determined three six—order
depositional cycles; and most recently, ODP Leg 151 shipboard scientists (1994)
discovered that the first significant quantities of dropstones appeared in the Norwegian Sea
near the late Miocene/Pliocene boundary, probably indicating glacial expansion of the

Arctic. Obviously all this evidence may have been linked to global climate deterioration.



CHAPTER 2

STUDY METHODS AND MATERIAL

2.1. Methods
2.1.1. Foraminiferal analysis

All samples were washed through a 63um mesh using tap water, and dried in an
oven at temperature of 40°C. Benthic foraminifera greater than 63um from all sites were
examined. Samples for benthic foraminiferal analysis were split with mini-microfossil
splitter, and an aliquot was procured to obtain the desired number of specimens (~300) for
counting and identification. Samples were not soaked in hydrogen peroxide solution to
avoid artificial destruction of shells during lab preparation. Planktonic foraminifera greater

than 63um from all sites were studied for biostratigraphy.

2.1.2. Oxygen and carbon stable isotope analysis
72 samples both for benthic and planktonic foraminifera from Site 608 with a

resolution of 5—7 samples in each core were picked for oxygen and carbon stable isotope
analysis. Stable isotopic analyses were conducted at the University of Florida, USA, by
Dr. David A. Hodell. Specimens of the benthic foraminifera Cibicidoides spp. and
Planulina wuellerstorfi greater than 212um (some of them are >150um when specimens are
insufficient) were measured for stable isotopes on the mass spectrometer after 3 seconds of
cleaning in an ultrasound bath. The planktonic foraminifera Globigerina bulloides (size
range 212-250um) for the intervals from samples 12-2 to 17-2 and from 19-5 to 24-6
were also measured. However, for the interval from Sample 17-1 to 20-2, we substituted
Orbulina (size range 212-250um) because of insufficient specimens of G. bulloides
resulting from intense carbonate dissolution. It is considered that Orbulina probably has

similar isotope values to G. bulloides because both species inhabit surface waters.

30
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Necessary overlaps have been taken for isotope value correlation between the two taxa. All

these samples were washed in a ultrasound bath for 1 second because of their delicate tests,
prior to analysis in the mass spectrometer.

Samples were reacted in a common acid bath of ortho—phosphoric acid at 70°C
using a VG Isogas autocarbonate preparation system. Isotopic ratios of purified CO, gas
were measured on- line by a triple—collector VG Isogas Precision Isotope Ratio Mass
Spectrometer (PRISM). All results are reported in standard delta notation and corrected to
PDB (Hodell et al., 1994). Analytical precision, based on routine analysis of an internal
carbonate standard (Carrara Marble), was +0.07 for 6180 and +0.03 for 313C (see Hodell
et al., 1994).

The stable isotopic data for ODP Hole 646B, DSDP Hole 552A, and Salé Borehole
of Morocco are from Aksu and Hillaire-Marcel (1989), Keigwin (1987) and Hodell et al.

(1994), respectively.

2.1.3. Strontium stable isotope analysis

Sr isotope analyses for Hole 646B were performed on more than 200 specimens of
mixed calcareous benthic and planktonic foraminifera picked from the greater than 150pm
size fraction and dissolved in 1.5 N NHL. Standard ion exchange techniques (fide Miller et
al., 1991) were used to separate strontizm for analyses on a VG Sector mass spectrometer
at Rutgers University, NJ, USA. Internal precision (inter-run variability) is approximately
+0.000008 (mean 2o error; Miller et al., 1991); external precision (inter-run variability) is
approximately +0.000030 or better (see Millez et al., 1991). At Rutgers, NBS 987 is
routinely measured as 0.710252 (20 standard deviation 0.000026; n = 35; Miller et al.,
1991) normalized to 87Sr/86Sr of 0.1194. Farrell et al. (1995) estimated that the rate of
increase of 87Sr/86Sr during the Messinian (from 4.8 Ma to 7.0 Ma) was ~0.00005/m.y.,
yielding a stratigraphic resolution of 0.44 Ma. The rate of increase of 87St/%6Sr was low

for the interval from 2.5 to 4.8 Ma, yielding a stratigraphic resolution of 1.69 m.y. Sr-
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isotope age estimates were determined using these equations calculated from the regression

of Farrel et al. (1995):

Age=59941.95-(Sr 87/86)x84530.85 (Sr=0.709080-0.709056)
for 2.5-4.8 Ma (Miller, pers. comm. based on Farrell et al. data, 1994)

Age=15640.06-(Sr 87/86)x22050.72 (Sr=0.709056-0.708955)
for 4.8-7.3 Ma (Miller, pers. comm. based on Farrell et al. data, 1994)

2.1.4. Paleomagnetics
Paleomagnetic data are available for all sites selected for this study, except for
DSDP Hole 547A. These published data were used to solve the chronostratigraphic
problems with necessary re-interpretation. The Messinian Stage includes Chronozone C3r
(=the lower reversal of Gilbert Chron), Chronozone C3An (=Chron 5), Chronozones
C3Ar, C3Bn and the upper part of C3Br (=Chron 6). Age estimates of the chronozones are
after Berggren et al. (1995).

2.1.5. Time series analysis
In Salé Borehole of Morocco, time series for the interval from the top of

Chronozone C3Bn to the top of C3An (6.935-5.894 Ma) were analyzed by Hodell et al.
(1994) because the age of the interval is well controlled magnetically. The time series for
Hole 552A was studied by Beaufort and Aubry (1990) based on the old time scale of
Berggren et al. (1985). In this study, standard time series analysis techniques were used to
estimate the power spectral density as a function of frequency for oxygen-18 and carbon-13
stable isotopic signals (interval from the lowermost C3r to the top of the Messinian; 5.894-

5.32 Ma) for DSDP Hole 552A, and planktonic/benthic (P/B) ratio, oxygen-18 and
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carbonate signals (interval from the middle of C3Ar to the top of the Messinian; ~6.7 to

5.32 Ma) for Salé Borehole.

In the present study, depth is interpolated uniformly to make the number of data
points equal to power of 2 for fast Fourier transformation. All signals from Hole 552A and
Salé core were linearly detrended. The power spectrum for all signals reveals relatively
significant peaks at 100-kyr in the Salé core, and 123-kyr at DSDP Hole 552A, which
correspond to the Milankovitch cycles of orbitai eccentricity (100-kyr and 123-kyr,
respectively). My results of Hole 552A are similar to those given by Beaufort and Aubry
(1990).

2.2. Material

Four DSDP/ODP (Deep Sea Drilling Project/Oceanic Drilling Programs) holes,
namely 552A, 547A, 608 and 646B (Fig. 2-1) have been carefully selected for this study
from all Atlantic DSDP/ODP sites drilled before 1990. These sites are considered either to
have good Messinian sedimentary records or good locations where deep water masses may
have been recorded. Another borehole drilled in the Bou Regreg Valley of northwestern
Morocco, where some excursions of Atlantic and Mediterranean water exchange are
expected to have been taken place during Messinian time, was provided by Dr. R, H.

Benson at the Smithsonian Institution, Washington, D.C..

2.2.1. DSDP Hole 552A: Core location and description
DSDP Hole 552A (Leg 81) was drilled on the Hatton Drift at the base of Hatton
Bank, west margin of the Rockall Plateau (56°02.56'N, 23°13.88'W; water depth 2301
m), south of Iceland— Faeroe Ridge (Fig. 2-1). It was hydraulically piston cored to 183.5
m, yielding almost 100% recovery. One of the major objectives to drill this site was to
understand the evolution of Quaternary/Tertiary paleoclimate and deep water circulation

based on a consideration of the outflow of the Norwegian Sea Water plunging into the



a3
R

North Atlantic Ocean across the Iceland-Faeroe Ridge. The Hatton Drift is envisioned to
have been deposited under the influence of bottom currents flowing northeastward against
the slope of the Hatton Bank. Deep waters at this site lie above the southward-flowing
North Atlantic Deep Water that fills the deeper part of the Iceland Basin and mantles the
Reykjanes Ridge south of Iceland (Roberts, Schritker et al., 1984).

Hole 552A contains a continuous late Miocene~Pliocene sedimentary record and no
turbidites or hiatuses have been determined in this interval although possible slumping may
have occurred in the Pliocene from core 17 to 24 (Stow and Holbrook, 1984). However,
two hiatuses are present within the middle Miocene and between the middle Miocene and
the Oligocene. It was lithologically divided into four sediment units and the interval of the
late Miocene—Pliccene is attributed to Subunit Ila ranging from 44 to 168.5 m in subbottom
depth (Shipboard Scientific Party, 1984a). This subunit is composed of relatively uniform
foraminiferal-nannofossil ooze and nannofossil ooze, with minor {about 10%) component
of biogenic silica. The dominant color is bluish white, and carbonate content remains at
more than 90% rroughout the subunit. Laminations recognized by color are abundant in

cores 11 to 29, but rare or absent in the base of the subunit (cores 30-36).

2.2.2. Moroccan Borehole: Core location and description

The Salé Moroccan borehole was provided by Dr. R.H. Benson of the Smithsonian
Institute of National Museum of Natural History, Washington, D.C., USA for benthic and
planktonic foraminiferal analyses of this study. It was drilled from a large brick quarry (the
Salé Briquetterie) on the road to the airport just east of Rabat, northeastern Morocco, The
objective for this hole was to reconstruct the history of water exchange between the
Mediterranean Sea and Atlantic Ocean for the Messinian Salinity Crisis. Because this hole
is situated in the one of two gateways (called the Rifian Corridor; another one in southern
Spain that is called Betic Passage) between the Mediterranean and Atlantic during the

Messinian ; it could have recorded important information on water circulation at this time
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(Hodell et al., 1989; Benson and Rakic~El Bied, 1991a, b). The drilling was accomplished

in two phases in April 1987 and September 1988 under contract to SOLMAROC, a local
drilling company. The section was cored by continuous "maziex" drilling (cookie cutter bit)
using a one metre barrel with a diameter of 74 mm. During the first phase of drilling, 72
cores were recovered to a maximum depth of ~75 m below the quarry floor. These cores
are designated as S-series. During the second phase of drilling the first 60 m were drilled
without recovery and 104 cores were recovered below this level reaching a maximum depth
of approximately 170 m. These cores are designated as B-series. The lowermost part of the
B-series was drilled by destructive rotary drilling and only spot cores were cbtained. The
overlap between the S— and B-series drilling is about 7m (between 66 and 73 m below the
base of the quarry floor. The depth offset between the two holes is ~ 5m and this amount
was added to all the core depths measured in the field for the B-series samples (Hodell et
al., 1994).

Deposits ranging from the upper Tortonian to the Zanclean consist predominately of
blue marine marls that outcrop in high bluffs along the Bou Regreg River and its tributaries
in brick clay quarries on the southern flank of the Gharb Basin, with abundant and well
preserved outer shelf and upper bathyal microfossil faunas. This sequence is continuously
deposited and no sedimentation gaps have been determined, because it was deposited on
the Atlantic side of Morocco, rather than on the Mediterranean side. In addition the
sedimentation rate in the Salé borehole is high. For example, the rate during the lower
Gilbert exceeded 13 cm/Kkyr, which results in a sampling frequency of ~4,000 years.
During Chron C3An and C3Ar, the sedimentation rate averaged about 5 cm/kyr, yielding a
sample spacing of about 10,000 years (Hodell et al., 1994).

Stable isotopes were measured with benthic foraminiferal species, Planulina
ariminensis from the S and B series samples by Hodell et al. (1994). Planktonic

foraminifera are inadequate for isotope measurements because of poor preservation.
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2.2.3. DSDP Site 608: Core location and description

Hole 608 was drilled during DSDP Leg 94, 1983 on the southern flank of the
King's Trough tectonic complex near the axis of the Mid-Atlantic Ridge (42°50.205' N,
23°05.252'W; water depth 3541.8 m). The major purposes to drill the hole were to
determine the geological history of the intraplate King's Trough tectonic complex and to
test for east-west differences in polar—front movement and sea-surface temperature
changes. The hole was continuously cored with the variable—length hydraulic piston core
(VLHPC) for cores 116 (core recovery over 95%), and with extended core barrel (XCB)
that extended into basement at 530.9 m sub-bottom (cores 17-57, with core recovery
averaged over 86% for the late Miocene interval). The interval of the late Miocene and early
Pliocene is recognized within the lithologic Unit I1, equivalent to the acoustic Unit C that is
relatively transparent. The lithologic Unit II contains high carbonate content (90-95%), and
is virtually featureless below 140 m (subbottom). It has been subdivided into 2 subunits:
Subunit ITa (76-220 m) is white to very light gray foraminiferal-nannofossil ooze to 122 m
and nannofossil ooze below, and the Unit IIb, beginning at 220 m and ending at 257 m,
consists of white nannofossil chalk. A graded foraminiferal sand layer (about 30 cm)
occurs at ca. 115 m (Pliocene), which has been interpreted as a possible turbidite or as a
result of deep water activity (Ruddiman et al., 1987a, b). No hiatuses have been reported in

this interval selected in this study.

2.2.4. DSDP Hole 547A: Core location and description
DSDP Hole 547A (Leg 79) was drilled in the Moroccan Basin, the northwestern
part of Mazagan Plateau off the Moroccan coast (33°46.84'N, 09°20.98'W; water depth
3948 m) and southwest of the Strait of Gibraltar. It is expected that this region was
influenced by paleo-Mediterranean Outflow Water (PMOW). Hole 547A was hydraulically
piston cored to 674.5 m, and achieved core recovery of 49.4% in average. The late

Miocene-early Pliocene section has been lithologically recognized in lower Unit I and
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vpper Unit II. These sediment units are equivalent to the seismic sequences Ma 1.3 and Ma

1.2, respectively (Shipboard Scientific Party, 1984b). The sediments in this section are
well oxidized foraminiferal-nannofossil ooze, generally slightly clayey, with about 25%
terrigenous detritus. These sediments were interpreted to be deposited at an accumulation
rate of ~22 m/m.y. above the foraminiferal lysocline where the dissolution of foraminiferal
skeletons increases rapidly. Two hiatuses have been suggested by Hinz et al. (1984): one
situated right above 100 m (subbottom depth) may cut much of the Pliocene, and another
one is situated between the middle and late Miocene. The interval from 50-210 m is
characterized by calcite overgrowth and cementation with subordinate clay overgrowth, but
fossils were not reported to be recrystallized (Moore, 1984). Cementation must be related
to the depth of burial, not the range of sediment (Moore, 1984). No detailed biostratigraphy

of planktonic foramiaifera was conducted during the Leg 79 cruise for the late Miocene.

2.2.5. ODP Hole 646B: Core location and description

Hole 646B was drilled during ODP Leg 105, 1985 on the northern flank of the Erik
Ridge in the southeastern part of the Labrador Sea and southwest of Greenland
(58°12.559'N, 48°22.147'W; water depth 3461.3 m). One of the major objectives for this
hole was to determine the history of paleocirculation in the North Atlantic and the Arctic
oceans because it is located in the region where maximum influence from Norwegian—
Greenland Sea Overflow Water is expected (Shipboard Scientific Party, 1986). Because of
the difficulty of pulling core barrel from the bottom, the interval below the lowermost
Pleistocene (HPC core 14) was drilled with XCB (extended core barrel) coring, which
yields poorer core recovery (only 48%). In this hole, the late Miocene reportedly ranges
from ~500 m (subbottom depth) to the base of the hole, which is bracketed by the seismic
reflector R3/4 and R2, while the early Pliocene occurred approximately between R2 and
R1. Both the late Miocene and early Pliocene have been attributed to the seismic Unit 3,

equivalent to lithologic Unit II. Unit II is lithologically dominated by terrigenous clay-rich
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sediments. Major lithofacies are silty clay (69%), clayey silt (11.5%), clay (11%), and

nannofossil silty clay and clayey silt (6%). Nannofossils in the unit are the main biogenic
component, which reaches about 50% of total fauna and flora in abundance. The
terrigenous detritus deposits are suggested to have been carried for some distance along the
continental margin of Greenland in a bottom nepheloid layer, and periodic contributions to
the nepheloid layer may have been from river discharge or from low—concentration
turbidity currents or from plumes of turbid water originating on the shelf (Srivastava et al.,
1986). In addition, this unit shows very little variation in either texture or sedimentary

structure. Except for a few thin paralleled-laminated layers, all sediment is bioturbated

(Srivastava et al., 1986).




Fig. 2-5. Correlation between physical property measurement (density, water content,
porosity, velocity), major reflectors and seismic units, with lithology, Hole 646B (After

Srivastava et al., 1989a).
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CHAPTER 3

RESULTS OF MICROPALEONTOLOCGY AND STABLE ISOTOPES

3.1. Salé borehole, Morocco
3.1.1. Distribution of Moroccan benthic foraminifera

In this study, 124 samples for the interval from 3 m to 173 m were quantitatively
analyzed for benthic foraminifera greater than 63um, providing an average sampling
spacing of 1.37m. Over 100 species have been identified (see Appendix A) in these
samples, and these are the basis for paleobathymetric and paleoceanographic reconstruction
in the Rifian Corridor of Morocco. As shown in Fig. 3-1A, foraminiferal abundance
increases rapidly above Chron S (equivalent to the upper Messinian), but highly variable.
The abundance decreases dramatically to about 5,000 per cc on average below the Chron
5/Gilbert boundary, and remains constantly low during Chrons 5 and 6. During the earliest
_essinian (lower Chron 6), i. reaches the minimum. In the interval of the upper Tortonian
the benthic foraminiferal abundance increase rapidly again. Two major peaks occur
between 40 ani 50 m during the late Messinian, and 160— 170 m during the upper
Tortonian (Fig. 3-1A).

Benthic foraminiferal percentages of total fauna (benthic plus planktonic) increases
rapidly from the bottom to the top, with 7 major stepwise fluctuations throughout the core
(Fig. 3-1B). Similar to the abundance distribution, a distinct shift of the benthic/planktonic
ratio occurs in Chron 5. During the Chron Gilbert, the ratios range from 30% to 55%,
while less than 25% during lower Chron 5 through Chron 7, except for 2 spikes in this
interval, indicating that the planktonic foraminifera dominate the lower Messinian and
uppermost Tortonian (Fig. 3-1B). This percentage is attributed to the change of
paleobathymetry. Smaller benthic values indicate deeper water depth, and greater values

indicate shallower water depth. Note that the spike in Chron 6 is associated with carbonate

45



Fig. 3-1. Distribution of benthic foraminiferal abundance (A) and benthic foraminiferal

percentage in the total foraminiferal fauna (B) in Salé core, northwestern Morucco.
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dissolution because less resistant planktonic foraminifera are easier to dissolve in
carbonate-undersaturated deep water.

Tabie 3-1 lists benthic foraminiferal assemblages for the different stages of the
Messinian. Detailed information on distribution of dominant and geologically or
ecologically significant benthic species are given in Figs. 3-1 to 3-4, Table 3-1, and in
Appendix A. As indicated in the figures, the Messinian section in this borehole is
dominated by Globocassidulina subglobosa, Cassidulina reniforme, Cibicidoides spp,
Trifarina angulosa, Gavelinopsis praegeri, Eponides weddellensis, Bolivina albatrossi and
others. The benthic foraminiferal data show that there is a majer faunal change in Chron 5,
although some species, such as Discorbinella bertheloti, Bulimina mexicana/costuta,
Gavelinopsis praegeri, and Planvlina ariminensis, show no significant changes. A high
peak (up to 15%) of Bolivinita psendothalmanni is recorded in the lower Gilbert (lower

C3r).

3.1.2. Oxygen stable isotopes

Oxygen stable isotopic data used here are from Hodell et al. (1994). As shown Fig.
3-5A, 8180 values from the base of the section to 148m are about +0.8%o. There is a brief
depletion that averages about 0.3%o in the interval between 148—140m just below the
Messinian/Tortonian boundary. 8180 values are enriched by ~ 0.4% immediately across the
Messinian/Tortonian boundary, varying from +1.0 to 1.4%o with average of about 1.2%o,
indicated by both unsmoothed and 3-point running average curves. In general, these values
remain consistently high in the interval from 140m to 53m, reaching a maximum (1.8%o)
between 60 and 70m. Hodell et al. (1994) determined that glacial/interglacial cycles are
superimposed upon the overall high mean values of the 8130 signal. Glacial values
commonly reach 1.3%o, while interglacial values average about 0.8%o. The isotopic values
are depleted to €.6-1.0%0 On average in the interval from 53m to the top of the section,

with minimum values about 0.3 to 0.4%e. This is quite different from those in deep ocean,



Fig. 3-2. Relative abundance of Globocassidulina subglobosa, Epistominella exigua,

Eponides weddellensis and Bolivina albatrossi in Salé core, northwestern Morocco.
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Fig. 3-3. Relarive abundance of Cibicidoides mundulus-+pachyderma, Bulimina aculeata,

Trifarina angulosa, and Bolivina lowmani in Salé core, northwestern Moroc-o.
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Fig. 3-4. Relative abundance of Eponides? sp. A, Oridorsalis umbonatus , Pleurostomella

spp. Fursenkoina pontoni, and Heronallenia crosbyi in Salé core, northwestern Morocco
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Table 3-1. Benthic foraminiferal assemblages in the different stages of the Messinian, Salé

Borehole, Morocco.

Late Messinian

(5.9-5.32 Ma)

G. subglobosa 10-15%; C. reniforme ~5%; E. exigua 0-1%;
C. mundulus+pachyderma 10-15%; T. angulosa ~10%; B.
lowmani 1-5%; G. praegeri 5-10%; Rosalina 1%; B. dialata
~3%.

G. subglobosa 5-10%; C. reniforme ~5%; C.

“Middle” Messinian mundulus+pachyderma <10%; T. angulosa 0-10%;
(6.2-5.9 Ma) G. praegeri <5%; E. weddellensis 10-25%; U. peregrina
<2%; E. exigua up to 15%.
G. subglobosa 10-20%; E. weddellensis 10-15%; E. exigua
Early Messinian 2-10%; C. mundulus+pachyderma <10%; B. albatrossi
(7.12-6.2Ma) 5-10%; U. peregrina 10%; O. umbonatus 2-4%; H. crosbyi

2%; Gyroidina spp. 5-10%.




Fig. 3-5. Siable isotopes of Salé borehole, northwestern Morocco. A: oxygen-18, and B:
carbon-13. Data are from Hodell et al., 1994.
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e.g., DSDP Hole 552A where such a distinct depletion was not recognized (Keigwin,
1987). 1 consider that it may have been related to local temperature increase caused by

tectonic uplifting of Morocco during the late Messinian.

3.1.3. Carbon stable isotopes

As with oxygen stable isotopes, the carbon stable isotopic data are also provided by
Hodell et al. (1994). As given in Fig. 3-5B, higher 13C values (about 1.3%o in average)
occur in the interval between 175m and 140m during the uppermost Tortonian. However,
two distinct fluctuations are determined in this interval. The maximum spike (greater than
1.6%o) is seen in the interval between 145m and 150m in Subchron C4n. A major decrease
by 1.0%0 (minimum ca. 0.0%0) occurs above 140m near the Messinian/Tortonian
boundary, which is known as global Chron 6 8!3C shift. Values of 813C remain
permanently low throughout the Salé borehole. However, secondary fluctuations occur
frequently, From 110m to ~30m, 813C values are slightly enriched by 0.2%o. The values

deplete again above 30m, with minimum values of about 0.0%o.

3.2. DSDP Hole 552A

3.2.1. Distribution of Benthic Foraminifera of DSDP Hole 552A

71 samples from the interval of 87.5 m to 163.55 m subbottom (msb) were

quantitatively analyzed for benthic foraminifera greater than 63um. This yields an average
sampling interval of 1.07 msb (meters in subbottom) per sample. About 70 species have
been identified in these samples. As shown in Fig. 3-6, benthic foraminiferal abundance is
high during the Tortonian, usually over 4,000 per cc sample. It consistently decreases
throughout the Messinian. Two major decreases are recognized in the late Messinian and
early Pliocene, where abundances drop below 1000 per cc. In comparison with planktonic
foraminifera, benthic foraminifera are extremely low (less than 3%) in percentage of total

foraminiferal abundance (Fig. 3-6). During the late Messinian and early Pliocene, benthic
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faunas are distinctly reduced (less than 2%).

In general, the benthic foraminiferal assemblage is dominated by Globocassidulina
subglobosa, Epistominella exigua, Eponides weddellensis, Bolivina cf. pygmaea, and
Eponides tumidulus. These species make up 50-60% in relative abundance. G. subglobosa
is about 10% higher in the Messinian and Tortonian than in the Pliocene. Nuttallides
umbonifera occurs in low percentage in the early Messinian, Tortonian, and the upper part
of planktonic foraminiferal Zone PL-~1 (lower Pliocene). It is almost absent in the upper
Messinian and lower part of Zone PL-1. Detailed information on distribution of benthic

foraminiferal species is given in Figs. 3-6 to 3-8 and Appendix B.

3.2.2, Oxygen stable isotopes
Oxygen isotopes were measured both from benthic foraminifera (Planulina

wuellerstorfi) and surface dweller Globigerina bulloides by Keigwin et al. (1987) and
Keigwin (1987). In this study, I re-plotted the latter data in Figs. 3-9 and 3-10, together
with a smoothed 3-point running average curve. As shown in the figures, oxygen isotopes
from benthic and planktonic foraminifera generally exhibit a similar pattern. However a
major difference occurs in the earliest Messinian (145-150 msb), where the benthic isotopic
values increase, while the planktonic values decrease; planktonic foraminitera indicate a
major increase (~1.7%o) in the interval between 135 and 145 m subbottom, while the
benthic values remain approximately the same as in the preceding interval. Two important
isotope maximum incursions indicating global glaciations both in benthic and planktonic
foraminiferal shells were recognized in the upper Messinian with a duration of ca. 15,000
years at 106 m and 119m subbottom, respectively. More specifically, the occurrence of the
lower 8180 maximum from benthic foraminifera is at 118.82 msb, while that from
planktonic foraminifera is at 119.15 msb, suggesting a delay of ~10,000 years (see

Keigwin et al., 1987; Keigwin, 1987; and Chapter 4 for more details).
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3.2.3. Carbon Stable Isotope:
013C data from benthic (Planulina wuellerstorft) and planktonic foraminifera

(Globigerina bulloides) provided by Keigwin et al. (1987) and Keigwin (1987) are re-
plotted in Figs. 3-9 and 3-10. It is clear that the carbon isotopes from both benthic and
planktonic foraminifera show a distinct shift from high values to low values ~148 msb,
immediately above the Messinian/Tortonian boundary. The average decline in 613C values
constantly continue to the top of the Messinian interval, although a number of secondary
order fluctuations have occurred (Figs. 3-9 and 3-10). A tendency towards increased $13C
values occurred near the Pliocene/Messinian boundary at this site (see Keigwin et al., 1987,

Keigwin, 1987 for more details).

3.3. DSDP Hole 608
3.3.1. Distribution of benthic foraminifera

61 samples for the interval from 105.3 msb to 219.7 msb were quantitatively
analyzed for benthic foraminifera greater than 63um, yielding an average spacing of 1.87
m. Note that within the Messinian, the sampling spacing is about 1.3 m per sample with
stratigraphic resolution of ~50 kyrs. About 70 species have been identified (Appendix C).

Total benthic foraminiferal abundance is similar to that in DSDP Hole 552A,
varying from 200 to 500 per cc. A few peaks over 600 per cc occur in Cores 14, 17, 20.
The abundance of benthic foraminifera reaches a minimum in Core 18. This is caused by
carbonate dissolution as indicated by high planktonic foraminiferal fragments and suddenly
increased benthic foraminifera relative to the planktonic foraminifera (i.e., B/P ratios),
where both of them climax (Fig. 3-11). The planktonic foraminiferal fragments decrease
dramatically in the Pliocene immediately across the Messinian/Pliocene boundary.

Generally speaking, the benthic faunas are dominated by Globocassidulina
subglobosa, Epistominella exigua, and Eponides weddellensis (Fig. 3-12). Secondary

important species include Oridorsalis umbonatus, Eponides tumidulus, Gyroidir  p.,



Fig. 3-6. Distribution of benthic foraminiferal abundance and relative abundance of

Epistominella exigua and Globocassidulina subglobosa.
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Fig. 3-7. Relative abundance of Eponides tumidulus, Bolivina pygmaea, Eponides

weddellensis, Gyroidina spp., Uvigerina peregrina and Nonionella spp.
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Fig. 3-8. Relative abundance of Nuttallides umbonifera, Trifarina angulosa, Ehrenbergina
trigona, Bolivina pseudopunctata, Melonis barleeanum, Stilostomella antillea, and Bolivina

inflata.
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Fig. 3-9. Oxygen and carbon stable isotopes of Planulina wuellerstorfi (benthic

foraminifera), DSDP Hole 552A (Data are from Keigwin, 1987).

67



|
Subbottom Depth (m)

el B|Z m 1HE £ Stable isotopes ofPlanulina wuellerstorfi, DSDP Site 552A g
S1B|S|8|E g -
© m & m 519 S (Data from Keigwin et al., 1987) S
m PLr1c
907 SR 80-18 %o 8C-13 %o
SISk PL1b
| S ISE A D D S S N N2
16901 =] B 3 28 26 24 22 2 18 16 14 3-point ruamng average 14 12 02 05 04 o 5 point rmming average | |
.n Fs32 E—
1 m:ru. W MZ.V \\\ - ‘lVlnle \\
116+ - —
i _
120 =
= ——
. ”m 894 ‘
- n @
130 ..m gl g m 137
. Sl o
2 i g 269 - N17
140 m 557 ———a
] Zlwel =
31 8 .m =
1507 O bl
A - P34
= o~
33 gla .m
O
1601 a8 m s
- - [ /
170

89



Fig. 3-10. Oxygen and carbon stable isotopes of Globigerina bulloides (planktonic
foraminifera), DSDP Hole 552A (Data are from Keigwin, 1987).
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Fig. 3-11. Benthic foraminiferal abundance, percentage of planktonic foraminiferal
fragments in total planktonic foraminifera, and percentage of benthic foraminifera of total

fauna, DSDP Site 608.
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Fig. 3-12. Relative abundance of Epistominella exigua, Nuttallides umbonifera, Eponides

weddellensis and Globocassidulina subglobosa, DSDP Site 608.
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Fig. 3-13. Relative abundance of Oridorsalis umbonatus, Cassidulina reniforme, and

Eponides tumidulus, DSDP Site 608.
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Fig. 3-14. Relative abundance of Pullenia quinqueloba, Gyroidina spp., and Melonis
barleeanum, DSDP Site 608.
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Puilenia quinqueloba Melonis barleeanum, etc. (Figs. 3-13 and 3-14). E. exigua reaches
three major peaks in Cores 13 and 14, 17-19, and 22-24, where E. weddellensis is lowered
in its relative abundance. G. subglobosa is relatively high from Cores 15 to 20 within the
Messinian section. Nuttallides umbonifera is 1clatively low (> 5%) from Cores 15 to 21,

reaching a minimum in Core 18 where carbonate dissolution has taken place.

3.3.2. Oxygen stable isotopes

All stable isotopic data from this site are given in Appendix D and illustrated in Figs
3-15 & 3-16 Oxygen stable isotopes in benthic foraminifera (P. wuellerstorfi) show a
permanent enrichment (~2.3%o in average) from the upper part of Core 22 to Core 12 (fig.
3-15). In this interval, five 8180 incursions, which reach about 2.6%e, occur in Core 22,
Core 19, Core 17, Core 15 and Core 14. A major 6180 depletion occurs in cores 23 and
24, which reaches ~1.8%eo.

In planktonic foraminifera (G. bulloides, solid line), the 8180 pattern is rather
different from that in benthic foraminiferal 6180 (Fig. 3-16). No major depletion is
recorded in cores 23 and 24, and no significant variations are observed below Core 21.
Similar to 8180 in benthic foraminifers, two major planktonic foraminiferal 180
enrichments occur in Core 15 (but it is stratigraphically slightly higher than the peak in
benthic foraminiferal $180) and Core 17. In Core 19, an enriched 880 peak is recorded
although it is not as clear as that recorded in benthic 8180. It is considered to have been
related to the absence of G. bulloides resulting from the carbonate dissolution in this
interval. 8180 in O. universa (broken line) shows a major depletion in the dissolution

interval from Core 17 to Core 19 (see Chapter 4 for a discussion on the depletion).

3.3.3. Carbon stable isotopes
All 813C data from DSDP Site 608 are provided in Appendix D, and shown in figs

3-15 & 3-16. 613C of P. wuellerstorfi varies greatly, particularly below Core 17, In the



Fig. 3-15. Oxygen and carbon stable isotopes of Planulina wuellerstorfi (benthic

foraminifera), DSDP Site 608.

80



Depth Subbottom (m), DSDP Site 608

8
e|E|  8'°0 of P. wuellerstorfi 8" C of P. wuellerstorfi
333
o
= 28 26 24 22 20 138 14 12 10 08 06 04 02 O

MWMM/V»

18



Fig. 3-16. Oxygen and carbon stable isotopes of Globigerina bulloides and Orbulina
universa (planktonic foraminifera; solid lines = G. bulloides; broken lines = O. universa),

DSDP Site 608.
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interval from Core 24 to Core 18, three enriched incursions are recognized. They occur in
Core 24 (1.1%0), Cores 21 and 20 (1.3%o), and Cores 19 and 18 (1.3%q), respectively. A
constant depletion above Core 17 with values of ~0.6%o is observed,

Planktonic foraminiferal 613C shows a similar trend to the bernthic 813C, except the
interval between 175m and 195 msb (cores 21 and 20) where 813C of G. bulloides (solid
line) does not show signiticant increase although it trends to increase. Howe ser, 813C of
O. universa (broken line) indicates a rapid increase at Core 20. In general, both planktonic
and benthic foraminiferal $13C exhibit two depletion shifts within the interval from 160 to

195 msb. These two shifts will be discussed in great detail in Chapter 4.

3.4 DSDP Hole 547A
3.4.1. Distribution of benthic Foraminifera

37 samples in this hole have been analyzed, with a sampling space of 0.6-0.8 m.
Over 90 species have been identified (see Figs. 3-17, 3-18, and Appendix F). Ax seen in
Fig. 3-17, benthic foraminiferal abundance is low from Cores 5-9, less than 1000 per cc,
while in Cores 3 and 4, it is over 1000 per cc. Planktonic foraminiferal fragments are
relatively low in this hole, usually less than 5% of total planktonic foraminixeral tests. Two
spikes over 5% occur in Cores 3 and 8 (Fig. 3-17). In comparison with DSDP Holes 552A
and 608, benthic foraminifera are extremely high relative to planktonic fauna in the interval
from Cores 5 to 8, making up 20 to 40% in total foraminiferal fauna (Fig. 3-17). This
obviously indicates high carbonate dissolution rates in this interval. From Cores 5 to 9, the
benthic foraminiferal fauna is dominated by G. subglobosa (20-30%), E. exigua {~20%),
E. weddellensis (-~20%), and N. umbonifera (10-15%). In Cores 3 and 4, the fauna is
dominated by Bolivina inflata, Bolivinita pseudothalmanni and Bolivina spp., making up
~50% of total benthic fauna, These species are relatively common in bathyal environments
(see Chapter 6). Therefore it may indicaie that downslope transportation may have taken

place at this time. The downslope transportation may also have occurred in Cores 5 and 6
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Fig. 3-17. Distribution of benthic foraminifera, Globocassidulina subglobosa, Nuttallides
umbonifera, Epistominella exigua, and Eponides weddellensis, DSDP Hole 547A. H1,

H2, and H3 are hiatuses.
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Fig. 3-18. Relative abundance of benthic foraminifera, Bolivina pygmaea, B.
pseudothalmanni, B. inflata, B. pseudoplicata, Trifarina angulosa, Pullenia bulloides,
Oridorsalis umbonatus, Sphaeroidina bulloides, Cibicidoides spp., Planulina wuellerstorfi,
Stilostomella spp., Gyroidina spp., and Uvigerina peregrina, DSDP Hole 547A. H1, H2,

and H3 are hiatuses.
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as indicated by low relative abundance of these two species. Other deep-water species are

constantly low in relative abundarce (Fig. 3-18).

3.5. ODP Site 646B
3.5.1. Distribution of benthic foraminifera and other flora

Ninety samples from Cores 40-80 (389-789m subbottom depth (msb)) were
studied for benthic foraminifera. Over one hundred species have been identified (Appendix
G). &s seen in Fig. 3-19, the total number of benthic foraminifera per cc are rather
consistent throughout tae hole, but increase slightly downwards. During the Tortonian
these numbers are particularly low.

As indicated in Fig. 3-19, the Messinian interval from Cores 45X to 77X is
dominated by agglutinated foraminifera, while calcareous foraminifera dominate the
intervals of Pliocene and Tortoniar. Benthic/planktonic foraminiferal ratios are high in the
Messinian section, except for some particular levels (Fig. 3-19). They are relatively low
during the Pliocene and Tortonian. Nevertheless, both calcareous/agglutinated and
benthic/planktonic ratios exhibit high amplitudes of variations.

Three poorly-preserved, smali-sized, brown-colored marsh-type agglutinated
benthic foraminiferal species, i.e., Trochammina cf. squamata, Ammotium sp. A, and
Miliammina jusca are encountered in this hole. Ammotium sp. A occurs in most samples
from Cores 42X-1 to 65X-CC, with the highest peak (15%) at Core 57X-3. It is rare
below Core 65 (Fig. 3-21). Miliammina fusca is found in Sample 63X-CC, 10-14cm.
These forms are well known to inhabit in marsh or coastal en.ironments today (e.g. Scott
and Medioli, 1980). Trochammina cf. squemata varies episodically in abundance from 0 to
100% (Fig. 3-19) with high amplitudes of variation. These forms are concentrated in nine
levels throughout the hole, which are separated by corresponding numbers of deep-water
foraminiferal layers accompanied with relatively low proportion of shallow water fauna

(Fig. 3-19), suggesting nine turbidite cycles. They occur in Cores 77X-74X Cores 74~
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Fig. 3-19. Distribution of benthic foraminifera from ODP Hole 646B. The column to the
right shows cyclic turbidites marked by marsh benthic foraminifera and other shallow water

sediment components, interbeddea with deep water benthic foraminifera.
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Fig. 3-20. Relative abundance of agglutinated benthic foraminifera, Trochammina sp. A,
Rhizammina spp., Ammotium sp. A, Psammosphaera spp., Lagenammina spp. and

Cornuspirella diffusa, from ODP Hole 646B.
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Fig. 3-21. Relative abundance of deep water calcareous benthic foraminifera, Oridorsalis

umbonatus, Nuttellides umbonifera, Epistominella exigua, Eponides weddellensis,

Nonionids, and Gyroidina spp., from ODP Hole 646B.
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Fig. 3-22. Relative abundance of deep water calcareous benthic foraminifera, Eponides
tumidulus, Globobulimina auriculata, Melonis pompiloides, Pullenia bulloides, P.

quinqueloba, and Melonis barleeanum, from ODP Site 646B.
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72X, Core 67X Core 65X, Core 62X, Core 57X, Cores 52X-55X Cores 45X-48X, Cores

42X-43X, respectively. In these turbidite layers, plant seeds, oxidized plant fragments,
rounded quartz, highly polished benthic foraminiferal shells, wood fragments, pyrite-filled
foraminiferal shells, highly concentrated mica, and gypsum crystals, which indicate the
origin as shallow water, are also commonly observed (see discussion section for details).

Deep-water coarse agglutinated foraminifera, for example, Rhizammina spp.,
Psa:nmosphaera spp., Lagenammina spp., are found commonly from Cores 42X-7 to
51X-1, from 55X-2 to 63X-CC, and from 65X-7 to 68X-4. These coarse foraminifera are
not present or extremely rare down to Core 80X-2 from Core 69X-1 (Fig. 3-21). Other
deep-water agglutinated foraminifera, such as Martinottiella communis, Cyclammina
cancellata, and Recurvoides spp. occur sporadically in this Hole.

The greatest abundance of deep-water calcareous foraminifera occurs in the
Tortonian and early Pliocene (below Core 77X, and above Core 43X). Calcareous
foraminifera are dominated by Nonionids (including Pullenia bulloides, P. quinqueloba,
Melonis barleeanum) ranging from 0 to 30%) (Fig. 3-22), Eponides weddellensis (0-25%),
Oridorsalis umbonatus (0 to 10%), Eponides tumidulus (0-7%), and Gyroidina spp. (0-
5%}, with considerable amplitudes of variation. Epistominella exigua and Nuttallides
umbonifera are extremely low in abundance, usually less than 2% in the Messinian section.
I found a spike (~3-6%) of N. umbonifera near seismic reflector R3 in the interval between
680.48 and 703.8 msb (Cores 72X-1 to 74X-4) similar to that of Kaminski et al. (1989;
~20-80%), but much lower in percentage. This probably resulted from the different size
ranges of benthic foraminifera performed in this study (>63 m) and Kaminski et al.’s study
(>150 m). The fraction of >150 m could eliminate a large number of small-sized benthic
foraminifera that comprise the major component (~80%) of total benthic community. E,
exigua reaches a peak of 23.3% in the Tortonian (Fig. 3-20). As mentioned above, these
bathyal calcareou.: foraminifera act to separate the Trochammina cf. squamata-concentrated

layers in the Messinian section. Melonis barleeanum, a typical form in glacial sediments in



Table 3-2. Sr measurements and age astimates for the Tortonian/Messinian and
Messinian/Pliocene boundaries in cores from Site 646B. All data listed below were
analyzed by Drs. Miller and Liu at Rutgers University, NJ, USA. The Age equations are
after Farrell et al. (1995).
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Core Sr87/83 Exror = Age (Ma) Age error Comments
646B, 41-2 0.705058 0.000003 4.67 0.68 Age=59941.93-(S5r87/862{84530.85(5r=0.709080-0.709056)
646B, 41-6 0.705062 0.000005 4.34 0.42 Thid.
646B, 43cc 0.709062 0.000005 4.34 042 Ibid.
646B, 46-3 0.708033 0.000007 537 0.15 Age=15640.06-(S187/86)X22050.72(Sr=0.709056-0.708955)
6468, 48-2 0.709054 0.000007 491 0.15 Ibid.
6468, 74-1 0.708991 0.000008 6.3 0.18 Ibid
646B, 75-2 0.708967 0.000008 6.83 0.18 Ibid.
646B, 76cc 0.708951 0.000008 7.18 0.18 Ibid.
6468, 78-2 0.708956 0.000044 7.07 0.97 Ibid.
646B, 78cc 0.708988 0.000007 6.36 0.15 Tbid
646B, 80-1 0.708948 0.000007 7.25 0.15 Ibid.

0ot
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lower bathyal DSDP sites in northern Atlantic (Murray, 1984) and in the Norwegian-
Greenland Sea (Talwani et al., 1976), is common from Cores 41X-2 to 50X-3. It is low in
percentage in Coies 53-55, and almost absent from Cores 56-80 (Fig. 3-22). Another
calcareous deep-water species, Cornuspirella diffusa is found up to ~20% in Tortonian

section, but absent in the upper Messinian (Fig. 3-20).

3.5.2. Sr stable isotopes
11 samples have been measured for strontium isotopes (87Sr/29Sr) to determine the
Tortonian/Messinian and Messinian/Pliocene boundaries, and presented in Table 3-2 (See

Chapter 4 for more details).



CHAPTER 4

INTEGRATED BIO-, MAGNETO-, AND STABLE ISOTOPE
STRATIGRAPHY OF THE MESSINIAN

4.1. Stratigraphy
4.1.1. Salé Briquetterie Borehele, Morocco
4.1.1.1. Biostratigraphy

Planktonic foraminifeial biostratigraphy of this borehole was previously reported
by Hodell et al. (1994) and Bunson et al. (1995), and several important datums for
Messinian planktonic foraminiferal bio—events have been identified in this borehole. In the
course of the present benthic foraminiferal study (Chapter 3), I realiz2d that some important
biodatums are slightly different from those of Hodell et al.(1994), probably as a result of
increased sampling resolution and examining of smaller size fractions or because of low
abundance of specimens. In this study, I have examined 90 samples from the Salé borehole
(one sample per 2 meters in average). My observations of planktonic foraminifera, together
with those from Hodell et al. (1994; marked with asterisks) are plotted in Fig. 4-1, and
some critical bioevents and their age estimates are shown in Table 4-1.

Between 135m and 150m, I identified several important bioevents: 1) FO
Globorotalia conomiozea. My specimens of Gt. conomiozea recovered in Sample B72 are
typical conic form with 4 chambers in the last whorl and flat dorsal side, with raised dorsal
sutures; 2) Th+ coiling change of Globorotalia menardii from dextral to sinistral occurred in
Sample B72 at the T/M boundary, which was not reported by Hodell et al. (1994). It is
interesting that this coiling change is juxtaposed with the FO of Gt. conomiozea. Hodell et
al. (1994), however, observed another important coiling change of Globorotalia menardii
from sinistral to dextral at 148.15 m (sampie B81), representing the latest Tortonian Stage,

which is equivalent to PF-Event 1 of Sierro et al. (1993), who suggested a southward
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Fig. 4-1. Planktonic foraminiferal stratigraphic ranges of Salé borehole, Morocco. Arrows
indicate changes of coiling direction. X indicates single fossil occurrences.
Magnetostratigraphic data and absolute age are from Hodell et al., 1994. T and reversed T
are the first and last occurrences of planktonic faunas. D and S represents right and left

coiling, respectively. Bioevents with asterisks are from Hodell et al., 1994.
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Table 4-1. Paleomagnetic and biological stratigraphic events from Salé borehole, Morocco.
Age e-timates are calibrated to the new time scale by Berggren et al. (1995). Paleomagnetic

data are from Hodell et al.(1994).



! |
Sample Events Depth Age estimates
(M) (Ma)
B19 C3r base 84.65 5.894
B33 C3An.1r top 98.95 6.137
B36 LO Gt. conomiozea 101.75 5.32
B37 FO Neogloboguadrina S/[D  102.85 6.2
B43 C3An.1r base 108.9 6.269
B45 FO Gt. margaritae 110.95 6.0
B51 C3Ar top 116.85 6.567
B66 C3Ar base 132.75 6.935
B70 C3Br top 136.95 7.091
B72 FO Gt. conomiozea 139.05 7.12
B72 LO Gt. lenguaensis 139.05 6.0
B74 FO NeogloboquadrinaD/S  141.15 6.8
B76 C3Br base 143.3 7.34
B78 C4n.1r top 145.25 7.562
B81 Gt menardii D/S 148.15 7.4
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retreat of the form in the North Atlantic; 3) A major turnover of Gt. menardii/Gt. miotumida
occurred at 138.0 m (B71), which was also reported by Hodell et al. (1994) at the same
level, indicating a major climate change from subtropical to temperate. This turnover has
also been observed in other regions, e.g., the northeast Atlantic and Mediterranean Sea
(Sierro, 1985; Benson and Rakic—El Bied, 1991a, b; Sierro et al., 1993); 4) A coiling
change of Neogloboquadrina acostaensis from dextral *o sinistral occurs at a level of
141.15 m (Sample B74). This coiling shift is also observed at DSDP/ODP sites in the
North Atlantic Ocean, e.g., 5524, 646B (see below). Another coiling change of the taxon
from sinistral to dextral is identified in Sample B88 during the late Tortonian; 5) The last
occurrence (LO) of Globorotalia lenguaensis is found in Sample B70 (136.95 m), just
above the T/M boundary; and 6) Hodell et al. (1994) reported that an acme of Globorotalia
suterae is present in Subchron C4n.1n at ~7.5 Ma in Salé borehole, slightly younger than
its FO (7.8 Ma; Berggren et al., 1995). This acme may allow stratigraphic correlation
between the Italian stratotype sequence and those in the Atlantic.

During the Chronozone C3r (the lower Gilbert) ranging from 84 m to the top of the
borehole, no significant bioevents have occurred. This is called the biostratigraphic "quiet
zone" {see Benson et al., 1991a; Hodell et al., 1994), except for the LO of Globorotalia
plesiotumida at a level of 18.54 m (Sample S17).

No deposition breaks have been detected in this borehole as shown in Fig. 4-2.
However, sedimentation rate during the latest Tortonian is rather slow, about 14 m per
million years in average (= 1.4 cm/k.y.). During the lower Messinian (7.12 to 5.894 Ma),
sedimentation rates greatly increase, with an average of 44.4 /m.y. (4.44 cm/k.y.). In the
upper Messinian, the sedimentation rate reaches 130 m/m.y., suggesting the shallowing of

the location resulting from the uplifting of Morocco.



108

Fig. 4-2. Depth-age plot of Salé borehole, Morocco. Paleomagnetic and stable isotopic data
are from Hodell et al., 1994. Vertical arrows indicate early occurrences and horizontal

arrows indicates late occurrences.
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4.1.1.2.Stable Isotope Stratigraphy

Oxygen Stable Isotopes: Detailed oxygen isotope stages in the Salé borehole were
numbered by Hodell et al. (1994). TG22 was the oldest oxygen isotope stage in the lower
part of reversed subchron of the Gilbert (Chronozone C3r) at ~5.75 Ma, which was also
recognized by Shackleton et al. (1995) in the eastern equatorial Pacific Ocean. "TG"
signifies the time interval from the lowermost part of Subchronozone Thvera to the base of
the Gilbert (equivalent to Chronozone C3r). The oxygen isotope records at Leg 138, Site
846 from the Pacific Ocean between TG22 and Subchronozone C3An.1n were not
recognizable for the stage nomenclature due to the low—amplitude variation, and no stage
has been identified beiow C3An.1n by Shackleton et al. (1995). Hodell et al. (1994)
extended oxygen isotope stratigraphy of the Salé borehole starting from TG22 down to the
upper Tortonian, following the extension of stage numbering scheme of Shackleton et al.
(1995) from ODP Site 846 in the eastern equatorial Pacific.

In B series samples, the oxygen isotope record exhibits distinct evidence of 41-kyr

(obliquity) cyc’ . during Chronozones C3An and C3Ar. Hodell et al. (1994) identified 34
stages (i.e., C3An.8'%0.1 to C3An.580.34) in Chronozone C3An from 6.567 to 5.894

Ma, with a duration of 673,000 years, and 18 stages (e.g., C3Ar.61%0.1 to
C3Ar.5180.18) in C3Ar from 6.935 to 6.567 Ma, with a duration of 368,000 years
(Hodell et al., 1994). In addition, they also recognized 14 oxygen isotope stages (from
TG21-TG34) in Thvera—C3r interval.

The S series samples provide a relatively poor signature of the oxygen isotope
record (Hodell et al., 1994). Above stage TG20, only two distinct glacial stages, i.e.,
TG14 and TG12, were recognized. TG stages from 1 to 9 are difficult to determine because
of low—amplitude variation. The oxygen isotope curve between TG14 and TG20 in the Salé
borehole shows 7 stages, while in the eastern equatorial Pacific Ocean, only 5 stages were
identified (Shackleton et al., 1995). T stages in Subchronozone Thvera were not well

defined due to poor magneto— and bio-stratigraphic control (Hodell et al., 1994), and
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probably confused by extremely high sedimentation rates in this interval. Nevertheless,
Hodell et al. (1994) distinguished 4 distinct glacial stages, namely TG 12, TG14, TG20
and TG22 in S series interval. TG22 was also identified in B series samples and in DSDP
Hole 522A, and thus it is considered to be an extremely useful isotope event in global
stratigraphic correlation.

Carbon Stable Isotopes: In the Salé borehole, the most distinct 13C event useful for
Messinian stratigraphy, is the dramatic decrease in the isotope value just above the
Tortonian/Messinian boundary at ~140 m (Chronozone C3Bn, =7.1 Ma). This decrease
has been determined elsewhere in the world ocean, and is termed "the Carbon-13 Shift". In

Salé, the decreased 813C values continue to the top of the section, although a number of

fluctuations occurred throughout this section (see Hodell et al. 1994 for more detail).

4.1.1.3. Magnetostratigraphy

As in stable isotopes, magnetostratigraphic study of the Salé borehole was also
done by Hodell et al. (1994). Their study reveals that the polarity patterns from the B series
samples are complete from C3r (the lower Gilbert) down to the top of C4n, and thus can be
correlated to the GPTS of Cande and Kent (1995) and of Berggren et al. (1995). The
Chronozone C31/C3An boundary was placed at 84.35 m (5.894 Ma); C3An/C3Ar at 117.7
m (6.567 Ma); C3Ar/C3Bn at 133.5 m (6.935 Ma); the C3Bn/C3Br at 138.25 m (7.091
Ma); and C3Br/C4n at 145.49 m (7.375 Ma).

The entire magnetic record in the S series samples is poor relative to that of the B
series core. The reversed polarity below 40 m in the S series is attributed to C3r (the
lowermost Gilbert), whereas the polarities in the interval above 40 m are not possible to
explain, including the Subchronozone Thvera, the oldest normal polarity of the Chron
Gilbert, because of either weak magnetization or unstable behavior of thermal

demagnetization (Hodell et al., 1994).



112

4.1.1.4. Boundary placement

Based on these observations, I place the Tortonian/Messinian (T/M) boundary at
139.05m (sample B72), defined by the FO of Globorotalia conomiozea juxtaposed with
D/S coiling change of Globorotalia menardii at the top of Chronozone C3Br, with an age
estimate of 7.12 Ma calibrated to the GPTS of Berggren et al. (1995). It is 0.8 m below the
C3Bn/C3Br boundary at 138.25 m, and 2.35 m lower than that of Hodell et al. (1994) who
located the boundary at 136.7 m within Chronozone C3Bn based on their observation of
the FO of Globorotalia conomiozea. The FO of Globorotalia conomiozea is used to define
the Tortonian/Messinian boundary in the Atlantic and Mediterranean regions (Channell et
al., 1990a; Krijgsman et al., 1994; Berggren et al., 1995).

The Messinian/Pliocene (M/P) boundary is difficult to determine directly because of
the absence and uncertainty of geological and btiological events in this interval. Hodell et al.
(1994) suggested that the boundary may be extrapolated based only on the absence of the
lower Pliocene species G*. puncticulata in the Salé core because it may indicate that the
sediments are older than Pliocene age. In this study, I provide the LO of Gt. plesiotumida
as secondary supporting evidence, despite the uncertainty of the stratigraphic importance of
the LO of Gt. plesiotumida at 18.54 m (Sample S17). As observed that boreholes E68—
138 and E66-73 in the Gulf of M.. :0 (Zhang et al., 1993), this taxon last occurred in the
upper Miocene slightly older than M/P boundary. I therefore suggest a placement of the
M/P boundary on the top of the Salé section between S series samples S7 and S11 at ~10 m
below surface with the LO of the species. This is, to some extent, in agreement with Hodell
et al. (1994), who suggested that the top of the Salé section is older than the FO of

Globorotalia puncticulata.

4.1.2. DSDP Site 552A
4.1.2.1. Biostratigraphy
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Planktonic foraminiferal biostratigraphy in this hole was initially studied by
Huddlestun (1984) in low resolution during the Deep Sea Drilling Project Leg 81, based
only on core catchers, and no diagnostic bioevents defining the Messinian Stage were
reported. In this study, I examined 56 samples from cores 19 to 34, yielding an average of
3.5 samples per core for first and last occurrences of diagnostic planktonic foraminiferal
taxa. As shown in Figs. 4-3 and 4-4, a possible small hiatus has been recognized by
cutting off the Subchronozones C3Br.1n to C3Br.2n (duration 0.1-0.2 m.y) in the lower
part of Core 32 at ~7.34 Ma (the uppermost Tortonian) as shown by calcareous
nannofossils (Keigwin et al., 1987). However, planktonic foraminiferal biostratigraphic
events fail to support the hiatus because of the absence of diagnostic zonal markers in such
a short interval. In the entire section from cores 19 to middle 32, no hiatuses are present,
except for possible reworking in cores 19 and 20, which is suggested by middle Miocene
planktonic foraminifera, such as Globorotalia mayeri, and Globorotalia praefohsi.

The sedimentation rates as seen in Fig. 4-4 appear to be consistent for the most part
of the Messinian despite a rapid increase in the lower part of Gilbert (C3r), but during the
early Pliocene the sedimentation rates are relatively slow.

Several important bioevents and their age estimates, based on Berggren et al.'s
(1995) new time scale, are plotied in Fig. 4-3 and listed in Table 4-2, and described as
follows:

1) Globorotalia conomiozea s.s. first occurs at 150.16 m subbottom (msb; Sample
32-2, 16-20cm) at the top of Chronozone C3Br, nearly at the same level as observed in the
Salé borehole. Gt. conomiozea is a conic forni, with 4 chambers in the last whorl, flat
dorsal side and raised sutures on the dorsal, which was not reported in this hole by
Huddlestun (1984). The LO of Gt, conomiozea occurs at a level of 137.33 msb (sample
29-3, 83-87cm) near the top of Subchronozone C3An. 1n, in contrast to the Salé borehole
where the LO is in the middle of C3An.
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2) A coiling direction change of Neogloboquadrina acostaensis occurred at 154.62
msb (Sample 33-1, 112-116¢cm) in the upper part of Chronozone Cdn, below the T/M
boundary.

3) In Hole 552A no coiling changes of Neogloboquadrina were determined in
Chronozone C3An as recognized in Salé borehole and DSDP Hole 609 (Hooper and
Weaver, 1987). However, I have determined two coiling changes below the
Messinian/Pliocene boundary, and three in the interval between the upper PL~1a and PL~
1b of Pliocene planktonic foraminiferal zones (Fig. 4-3).

4) A lineage of Globorotalia margaritae has been distinguished in Hole 552A. The
FO of the species is found at 137.33 msb (Sample 29-3, 87-89¢m) within Subchronozone
C3An.2n, while a similar form which does not have a well developed keel in the first few
chambers in the last whorl, called Gt. cf. margaritae, first occurred in sample 314, 11~
15cm at a level of 148.11 msb. Gt. primitiva, ancestral to Gt. margaritae, last occurs in
sample 28-CC, 8-12cm at 133.5 msb. These bioevents provic : usciul information for
stratigraphic correlation between basins.

5) Globoquadrina dehiscens last occurs at 152.4 msb (sample 32-3, 94-98cm)
immediately below the Tortonian/Messinian boundary. This species was found to last occur
in Core 34-CC (Huddlestun, 1984).

6) The LO of Globorotalia lenguaensis is identified at 154.62 msb (sample 331,
112—116cm) below the T/M boundary in this hole. It was reported in Sample 33-CC by
Huddlestun (1984). As in the Salé coe, it displays a distinct diachrony because the LO
falls far away from the line of correlation (LOC) (Fig. 4-4).

7) Gt. puncticulata first occurs at 95.35 msb (Sample 20-CC, 4-8cm), where it was
also reported by Huddlestun (1984). The FO of Gt. crassaformis occurred at 91.00 msb
(19-CC, 10~ 14cm), which is different from the level reported by previous study of
Huddlestun (1984) who found the FO at 67.0 msb (Sample 14-CC). These two FOs mark
the Pliocene planktonic foraminiferal subzones PL~1a/PL~1b and PL~1b/PL~1¢c
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Table 4-2. Paleomagnetic, oxygen stable isotopic, and biological stratigraphic events from
DSDP Hole 552A. Age estimates are calibrated to the new time scale by Berggren et al.
(1995). Age estimates with asterisks are calibrated to the new time scale of Berggren et al.
(1995) in this study. Paleomagnetic data are from Keigwin et al., 1987. Oxygen isotopic

age estimates are from Shackleton et al., 1995.
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Sample Events Depth Age estimates
(M) (Ma)
1%cc, 10-14  FO Gt. crassaformis 91.00 4.3*
27-1, 4-8 FO Gt. puncticulata 95.35 4.6*
TG14 107.0 5.55
TG22 119.0 5.75
27-2, 049 C3r base 124.44 5.894
28-3, 075 C3An.1r top 132.25 6.137
29-1, 099 C3An.1r base 134.49 6.269
29-3, 83-87 FO Gt. margaritae 137.33 6.0
30-3, 074 C3Ar top 141.98 6.567
32-1, 144 C3Ar base 149.94 6.935
32-2, 16-20  FO Gt. conomiozea 150.16 7.12
32-2, 144 C3Br top 151.44 7.091
32-3, 051 C3Br base 152.01 7.34
32-3,94-98 LO Gq. dehiscens 152.4 5.8
33-1, 112-116 LO Gt. lenguaensis 154.62 6.0
34-2, 098 Cdn.1r base 160.98 7.65
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Fig. 4-3. Planktonic foraminiferal stratigraphic ranges and zones of DSDP Hole 552A.
Magnetosiratigraphic and stable isotope data are from Keigwin (1987). “R” represents rare
occurrence, and “F” indicates few occurrence in abundance. * indicates interval reworked

or contaminated. Age estimates are from Berggren et al. (1995).
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Fig. 4-4. Depth-age plot of DSDP Hole 552A. Paleomagnetic and stable isotopic data are
from Keigwin, 1987.



Subbottom depth (m)

80

100

110

120

130

140

150

160

170

7 6

1 i I 1 I

DSDP Site 552A Depth -Age Plot
S Oxygen isotope events

o

® Planktonic foraminiferal first
o and last occurrences

Paleomagnetic bases and tops

FO Gr. crassaformis

FO Gt. puncticulata

Tortonian l Messinian l

Pliocene

80

90

100

110

120

130

140

150

160

170

0z1




121
boundaries, respectively, based on the time scale of Berggren et al. (1985).
In the interval between cores 21 and 26, no critical planktonic foraminiferal bioevents have
been recognized. This interval may be equivalent to the "quiet zone" determined in the Salé

core by Benson et al.(1991b), and Hodell et al. (1994).

4.1.2.2. Stable isotopic stratigraphy

Oxygen Isotopes: Oxygen isotope data from the surface dweller Globigerina

bulloides provided by Keigwin (1987), are plotted against binstratigraphic data (Fig. 4-3)
for correlation. I have attempted to establish oxygen isotope stages associated with 41-kyrs
obliquity cycles for the Hole 552A as recorded in Salé borehole. With the exception of
Chronozone C3An in which I have tentatively determined 34 stages (C3An.180.1-34; Fig.
4-5), it is difficult to determine the stages in Chronozones C3r, C3Ar and C3Bn based on
the smoothed oxygen isotope curve of three running point average with new timescale of
Berggren et al. (1995), probably because of relatively low sedimentation rates in these
intervals. I thus consider that the 41-kyrs quasi— periodicity of Earth's obliquity observed
at this site (Keigwin, 1987) may only be applied to the interval of C3An, rather than the
entire Messinian sequence. The 41-kyrs quasi-periodicity was not evident in benthic
foraminiferal (Planulina wuellerstorfi) isotope records provided by Keigwin et al. (1987).
In addition, two important oxygen isotope maxima indicating global glaciations
both in benthic and planktonic foraminiferal tests were recognized in the upper Messinian
with a duration of ca. 15,000 years. It is interesting that the occurrence of the lower 180
maximum from benthic foraminifera is at 118.82 msb, while that from planktonic
foraminifera is at 119.15 msb, suggesting a delay of ~10,000 years. The delay of the 6180
maximum occurrence in benthic foraminifera is considered to have occurred within 41-kyrs
cycles, and thus I suggest that it may not critically affect the age placement. The time
difference of the oxygen isotope maximum between the benthic and planktonic may result

from ice volume variation and temperature fluctuation in deep water and surface water
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realms. Therefore, I attribute these two isotope events to the stages TG22 (5.75 Ma) and
TG14? (5.55 Ma) in Chronozone C3r based on the age estimates as interpolated from
Shackleton et al.(1995) in the eastern equatorial Pacific Ocean. TG14 is characterized by
180 enrichment, and also indicating a possible glaciation, as reported in the eastern Pacific
(Shackleton et al., 1995) and in Morocco (Hodell et al., 1994). These two chemo—-events
were calibrated to 5.2 and 4.8 Ma respectively in previous study (Keigwin, 1987) using the
GPTS of Berggren et ai. (1985).

Carbon Stable Isotopes: As in the Salé borehole, a 813C shift is observed in the
upper part of Chronozone C3Bn at ~148 msb, immediately above the Tortonian/Messinian
boundary. The decreased 613C values continue to the top of the Messinian interval,
although a number of secondary order of fluctuations have occurred (see Keigwin, 1987
for more details). The tendency of increasing in §1C values occurs near the

Pliocene/Messinian boundary at this site.

4.1.2.3. Magnetostratigraphy

Magnetos!- atigraphy at this site was carried out by Keigwin et al. (1987) (Fig. 4-3).
As shown in the figure, magnetochronozones from C4n to C3An were well recovered in
the interval from cores 26 to 34 (below ~120 msb), with the exception of some minor
subchronozones, namely C3Br.1n to C3Br.2n (a duration of 0.1-0.2 m.y), which were
cut off by a small hiatus in the uppermost Tortonian. Chronozone C3An ranges from
125.49 msb (Core 27-2, 094cm) to 141.28 msb (Core 30-3, 048cm); C3Ar ranges from
141.28 msb to 150.25 msb (Core 322, 025cm); C3Bn is only about 1 meter thick,
ranging from 150.25 msb to 151.26 msb (Core 322, 126cm); and C3Br and C4n
representing the Tortonian spans from 151.26 msb to 164.47 msb (Core 35-1, 97cm). No
reliable magnetostratigraphy was acquired from Core 13 to 25, because of coring
disturbance and generally very weak magnetizations (< 2 x 10~% A/m) (Keigwin et al.,
1987).



Fig. 4-5. Oxygen isotopic stratigraphy of the planktonic foraminifera, Globigerina
bulloides, DSDP Hole 552A. The interpretation of the isotopic stages are based on the
nomenclature of Shackleton et al., 1995. Odd numbers corresponds to interglaciation,
while even ones indicate glaciations. 34 stage are identified in Chron C3An, which are
consistent with those recognized in Salé borehole, Morocco. In other chrons, i.e., C3r,

C3Ar, and C4n, the isotopic stages are difficult to identify.
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Subbottom Depth (m), DSDP Site 552A

124

100 -

110 4

S

130 A

140 A

150

160 4

Core

a

33

170

Recovery

Stratigraphy of three-point running average

o & a Globigerina bulloides oxygen-18 isotopes
SEIE & DSDP Hole 552A
g. _g 8 §. < (Data from Keigwin, 1987)
& IS &)
21 1.9 17 1,5 13 11
1 1 1 1 1
E |
_
TG14? =
K"—
° —
512 —
[& e
ptosmisncaons
T S
T =
~ 1 C3An.180.1
e
4 k=
2| g
N EE
Blo 5
5
<o
S|8
3
Bn
Y aPa St roNw
C3Br|
b
2lg
S 8
5 |2
5
=







