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ABSTRACT

The sedimentary infill of the Madeira Abyssal Plain is analyzed in detail from the upper Eocene to Holocene at Sites 950,
951, and 952. In addition to the three turbidite groups (organic, volcanic, and calcareous) described in previous publications,
gray nonvolcanic, brown and vol caniclastic turbidite groups were al so recognized. Site 950 shows the longest sequence begin-
ning with emplacement of two coarse volcaniclastic turbidites in the late Eocene. This was followed by a long interval of
pelagic clay deposition until at least the end of the Oligocene. During this time volcanic ash was added from the now-extinct
Cruiser/Hyeres/Great Meteor volcanic seamounts to the west. A hiatusin the lower Miocene rock is associated with the deposi-
tion of three coarse calcarenites at Site 950, also believed to be from the seamounts.

The uppermost calcarenite is a clear marker bed at 16 Ma. Sites 951 and 952 comprise thick sequences of relatively thin
organic turbidites through the lower Miocene sequence, representing early infill of the fracture zone valleysin which they were
drilled. Many seguences of flows can be correlated between all three sites from the middle Miocene to Holocene, athough a
series of brown turbidites occurring during the late Miocene (6.5-13 Ma) at Site 950 isless easy to trace. Volcanic turbidites are
rare or very thin prior to 7 Ma, but common and thick after this time. Gray nonvolcanic turbidites are found in four limited
intervals between 10.5-14.6 Ma, 5.6-7.4 Ma, 3.8-4.2 Ma, and 1.4-1.2 Ma, and include the thickest turbidites of all (11 m at
Site 952).

The pelagic interbeds reveal the history of the carbonate compensation depth (CCD) which was shallower than the abyssal
plain depth until ~8 Ma. Then the CCD deepened slightly, deepening again at ~5 Ma and finally entered the Pliocene/Pleis-

tocene oscillatory mode at ~3.5 Ma. After thistime alternating clays and marls or oozes were deposited.

INTRODUCTION

The Madeira Abyssal Plain (MAP) was one of a number of sites
chosen in the late 1970s to study the feasibility of disposal of high-
level radioactive wastes in the ocean. Although this study has now
been concluded, it left alegacy of data and sedimentary models that
has given great insight into deep-sea basin development (see review
by Weaver et d., 1989). The main results to emerge from this work
areasfollows:

1. Through the last 0.75 m.y. the turbidite infill of the plain is
composed of thick units deposited from individual turbidity
flows, which enter the area at frequencies determined by cli-
mate and sea-level change (Weaver and Kuijpers, 1983). Each
sea-level change, both up and down, isassociated with asingle
turbidite unit, except in avery few cases where two turbidites
may lie adjacent to each other (Weaver et al., 1992).

2. The turbidites fall into three distinct groups:. volcanic-rich (gray
with high Ti, Fe, Mg, and Zr) turbidites, organic-rich (olive
green with high Si, Al, K, and Li) turbidites, and calcium-car-
bonate-rich (whitewith high Caand Sr; Jarvis and Higgs, 1987)
turbidites. These groups represent different sediment sources:
the volcanic-rich ones from the oceanic islands of the Canaries
and Madeira (Weaver and Rothwell, 1987), the organic-rich
ones probably from the upwelling cells off northwest Africa

(Weaver and Rothwell, 1987) and the calcium-carbonate—rich
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ones from the Cruiser/Hyeres/Great Meteor chain of seamounts
to the west of the plain (Weaver et al., 1992).

. The turbidites have silty or sandy bases proximally to their

sources, but the upper layers of the turbidites are essentially
ungraded muds, which may suggest deposition from high-
density nonturbulent flows (McCave and Jones, 1988).

. Turbidity current pathways can be determined from grain-size

analyses of the turbidite bases, the coarsest samples indicating
the most proximal parts of the flow. These show entry points
from the northeast, east, and west (Weaver and Rothwell,
1987). Thickness of flows is not a good indicator of source di-
rection as the turbidite muds pond, and preferentially infill any
deeps in the basin floor.

. The turbidites show the effects of early diagenesis, with relict

oxidation fronts, associated metal concentrations and redox-
related mobilization of trace elements, (Wilson et al., 1985;

Thomson et al., 1987; Jarvis and Higgs, 1987). These effects
are much more apparent in the organic-rich turbidites, which

may develop striking color differences between the sediment
above and below the oxidation front.

. Through the Quaternary sediments, the turbidites are separated

by pelagic units that alternate between pelagic marls (or oozes)
and pelagic clays. These represent changing bottom-water
masses associated with climate change (Weaver and Kuijpers,
1983).

Geological Setting

The MAP forms the deepest part of the Canary Basin with a water
depth of 5400 m. The plain covers an area of 400 km (north-south) by
200 km (east-west) across which elevation changes by <10 m. To the
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west of the plain the topography rises toward a north-south—trending Correction of Depths

chain of seamounts—the Great Meteor to Atlantis Chain (Verhoef

and Collette, 1983)—and beyond these it begins to rise toward the The sub-bottom depths for units within each core have been
Mid-Atlantic Ridge. To the north it rises toward the Madeira-Toreamended to take account of a number of potential errors (see Lebreiro
Rise. The Cape Verde Rise lies to the south; the northwest Africaand Weaver, Chap. 37, this volume). These corrections have general-
continental rise, to the east (Searle, 1987). A few large sedimeitled to a shortening of the length of recovered sediment in each core
draped hills protrude through the plain cover to form isolated hills ormnd have eliminated all instances of recovered core being longer than
the plain. The age of the crust beneath the MAP is mid- to Late Crehe drilled interval. Amendments included:

taceous (~11677 Ma; Searle, 1987), and two ancient crustal fracture

zone valleys—Cruiser and Charis—can still be traced running west- 1. Removal of slumped and disturbed sediment at the top of each
northwest—east-southeast (Fig. 1). Numerous seismic profiles across  core. This material is probably produced by the advance of the
the plain (Searle, 1987; Rothwell et al., Chap. 28, this volume) show main drill bit, and lies on top of the true sediment surface be-
the crust to be draped by ~200 m of presumed pelagic clay. It is this fore advanced hydraulic piston (APC) coring commences.
draped topography that has been infilled by the turbidite sequence. 2. Elimination of void spaces. Voids do not exist in the sediment
The seismic data show the turbidite sequence to average 350 m in  column, and unless material has fallen out of the liner after re-
thickness, although in some basement deeps it may reach as much as covery, the pieces of sediment on each side of a void will be
530 m. The turbidite sequence varies from being strongly acoustical- part of an uninterrupted sequence. The voids may be caused by
ly laminated near the top to poorly stratified or even transparent near ~ gas expansion or core handling.

the base (Duin and Kuijpers, 1983). This suggests some changes in

composition with depth. These corrections have provided much more accurate methods of
assessing the amount of missing sediment, which is vital for deter-
Drilling Objectives mining the frequency of events.
The drilling of the MAP was aimed at testing the above sedimen- Multisensor Track Data

tary models through the whole time interval of turbidite deposition in
order to determine the erosional history of a large submarine basin. Nondestructive high-resolution whole-core measurements were
We also wished to date the sharp change from pelagic drape sedbtained aboard ship. The multisensor track (MST) includes gamma-
ments to turbidite infill, which presumably represents a major changey attenuation (GRAPE), compressional-wave velocity (PWL),
in sedimentation within the basin. A combination of the seismic inmagnetic susceptibility, and multichannel gamma spectrometer sen-
terpretations (Rothwell et al., Chap. 28, this volume) with the sedisors (for technical details, see Schmincke, Weaver, Firth, et al.,
mentological information presented here, and the stratigraphic infod995). Magnetic susceptibility was particularly useful for distin-
mation from Howe and Splendorio-Levy (Chap. 29, this volume) willguishing between the different types of turbidites since those derived
provide the information needed to determine sediment budgets fétom a volcanic source, such as the Canary Islands, have a much
material eroded from the various mass wasting sources. higher signal. Correlation between the three abyssal plain sites was
facilitated by comparing the magnetic susceptibility values of partic-
ular turbidites since several flows have their own unique signatures.
CORE LOCATION
Calcium Carbonate
Three sites were drilled during Leg 157 on the abyssal plain, all
within fracture zone valleys where connections to the northwest Af- Calcium carbonate measurements were made both at sea and
rican Margin should have been continuous through time (Rothwell etshore using a Coulometrics 5011 Carbon Dioxide Coulometer
al., Chap. 28, this volume). Site 950 (31°9M125°36.00W/, 5437.8  equipped with a System 140 carbonate carbon analyzer. As with all
m) is located on the southern edge of the Cruiser Fracture Zone Vaampling, an attempt was made to avoid areas of core where biotur-
ley (Fig. 1). Site 951 (32°1.89, 24°52.23N, 5449.4 m) is located bation was visible between adjacent units.
in the central basin to the north, within the Charis Fracture Zone Val-
ley. Site 952 (30°47.4K, 24°30.57W; 5431.8 m) is situated in the .
Cruiser Fracture Zone Valley, more proximal to the source of turbid- Terminology
ity currents from the northwest African continental margin than Site
950. Weaver and Kuijpers (1983) began a numbering system for tur-
bidites on the MAP. Laterally extensive turbidites were letter coded
METHODS a to w from younger to older, and small laterally restricted turbidites
were given the letter of the turbidite above with a numbered suffix.
These codes are shown in the correlation diagram (Fig. 2, back-
ocket foldout, this volume) but the system has not been extended to
e deeper turbidites.

Visual Description

Conventional visual core descriptions were carried out aboard t
JOIDESResolution, (i.e., barrel sheets; Schmincke, Weaver, Firth, et
al., 1995) but, in addition, more detailed descriptions of turbidite
units were also made. This was possible because of the distinct color SEDIMENT TYPES
differences between the various units and because a number of the
sedimentologists had direct experience of working with cores from In the MAP, the sedimentary infilling consists primarily of turbid-
this abyssal plain.ogs produced in this way are shown in Figure 2ite units separated by much thinner pelagic layers with occasional de-
(back-pocket foldout, this volumellnits that were unidentified or bris flows. In the MAP it is rare to find two turbidites adjacent to each
problematic at sea have been re-examined to provide these updatgter. They are almost always separated by a pelagic layer represent-
versions. ing a few tens of thousands of years (Weaver et al., 1992).
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Figure 1. Top: Geographical context of the Madeira Abyssal Plain, showing the sources of turbidite flows. Bottom: Locations of the three sites drilled on the
Madeira Abyssal Plain with topographic elevations. The 5400-m contour outlines the edge of the plain.

Pelagic Sedimentation

Pelagic layers vary from afew centimeters to 0.5 m in thickness.
Their composition varies from almost pure carbonate ocoze (up to
93% CaCO; in some lower Pleistocene layers), to pure pelagic clay
with 0% CaCO; (Fig. 3). Pelagic clay was deposited continuously
from the late Eocene to the late Miocene, around 8 Ma, at which time
afew layers show carbonate values of up to 30%, although these are
interspersed with pure clay layers. Through the lower Pliocene inter-
val, CaCO, values are around 20%, but there is a dramatic change at
115 mbsf (Site 950), ~3.5 Ma, when strong oscillations begin. At first
these layers show changes between 20% to 65% CaCO;, but variabil-
ity rapidly increases from 5% to 85% with anumber of layers having
intermediate values. There appearsto be a preservation peak between
75 and 15 mbsf (~2.0 to 0.5 Ma) in which several coze layers were
deposited with over 80% CaCO,, although these were interlayered
with marlsand clays. Since 0.5 Ma, the highest carbonate values have
remained lessthan 70% (Fig. 3). Thispicture of CaCO; oscillation re-
flects the changesin ocean circulation through the Neogene. The cal-
cium carbonate compensation depth (CCD) began to deepen slightly
during the late Miocene and again in the early Miocene (=5 Ma), and
around 3.5 Ma the CCD depth began to oscillate dramatically in
phase with the Pliocene/Pleistocene glaciations. Weaver and
Kuijpers (1983) showed that the pelagic clay layersin the MAP were
deposited during glacials, whereas the marls and oozes were deposit-
ed during interglacials. The dramatic and sharp changes in CaCO,
preservation between glacials and interglacials may be caused by re-
versals in the circulation of the Atlantic Ocean (Broecker et al.,

1990). During interglacials relatively noncorrosive bottom waters
generated in the Greenland-Norwegian Sea flow southward, displac-
ing Antarctic Bottom Water (AABW) and alowing carbonate to ac-
cumulate in the deep basins. Theflow is compensated by anorthward
movement of surface water that carries heat to high latitudes. During
glacials the surface water moves southward and deep corrosive
AABW spreads north, thus raising the CCD. Broecker et al. (1990)
suggest these reversalsin flow could be sudden, which appearsto be
supported by the sharp changes from clay to ooze/marl seen in the
cores. Our data suggest that prior to the Pliocene/Pleistocene glacia
tions, the CCD was more stable, athough its level changed a few
times through the late Miocene and early Pliocene. The preservation
peak in the lower Pleistocene has been noted earlier by Jansen et al.
(1986). A morethorough analysis of CaCO;, fluctuationsis underway
(Weaver et a., unpubl. data).

Turbidites

The three turbidite groups mentioned in the “Introduction” sec-
tion (this chapter) were found at all three sites. They show some vari-
ation through time, and in the deeper parts of the sequence, other tur-
bidite groups are also present. We will therefore discuss the sedimen-

tary characteristics of each turbidite group through time.

The complete sedimentary sequence for each site is shown in Fig-
ure 2 (back-pocket foldout, this volume), together with some of the

many correlations between individual flowsssummary of the main
lithologic changes is presented in Figure 4.
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Figure 3. Calcium carbonate oscillations from the pelagic interbeds at Sites 950, 951, and 952. Note only a small number of the pelagic layers were sampled. In
the Pliocene—Pleistocene sediments, there are many more fluctuations igtGa€hown here.

Organic Turbidites

These turbidites are characterized by high organic carbon content
(>0.3%; DeLangeet al., 1987) giving green colors, very low magnet-
ic susceptibility (<20 cgs) and variable carbonate content. They range
in composition from claysto nannofossil clays and clayey nannofos-
sil mixed sediments (Schmincke, Weaver, Firth, et al., 1995) with the
principal components being clay minerals, nannofossils, and lesser
amounts of quartz, dolomite, feldspar, pyrite, foraminiferal test frag-
ments, and biosiliceous material. Minor amounts of silt-sized materi-
a arefound throughout the muds, suggesting they are ungraded, fall-
ing into the E3 turbidite mud division of Piper (1978). Silt-sized ma-
terial is more common toward the bases of units with laminated or
graded layers. The bases frequently contain complete benthic and
planktonic foraminifers. These organic turbidites show the classic
oxidation fronts of Wilson et al. (1985), with pale green tops and
darker green bases, and frequently have a series of thin color bands
marking interval s of metal enrichment inthe oxidation front itself. In-
dividual turbidites range from a few centimeters to 3-4 m in thick-
ness.
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Thereis arelationship between color and carbonate content (Fig.
5). Three shades of green are observed: dark-green turbidites, present
mainly below 220 mbsf in each site, always correspond to <40%
CaCOg; intermediate green turbidites appear through the whole col-
umn, but contain 40%—-60% CaCO; above 220 mbsf and <40% below
220 mbsf; and finally pale-green turbidites that contain 40%—70%
CaCO;.

High organic content suggests that these turbidites derived from
upwelling areas on the northwest African Margin (see Fig. 1). They
are unlikely to have derived from possible upwelling around the Ca-
naries or Madeira because they all have very low magnetic suscepti-
bilitiesin contrast to the vol canic-rich sediments on theisland flanks.
Biogenic siliceous debris, mainly diatoms and sponge spicules, is
present in rare to common abundance at al three sites through nan-
nofossil Subzone CN5aand Zone 4 (12.2-16 Ma).

It has been possible to correlate many of the individual organic-
rich turbidites between the three sites as shown in Figure 2 (back-
pocket foldout, this volume). Through the upper Miocene to Ho-
locene sediments, all the major units can be correlated, but below this
thereisadistinct difference between Site 950 and Sites 951 and 952.
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MAIN LITHOLOGICAL CHANGES VERSUS TIME
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Figure 4. Summary of main lithologic changes at Sites 950, 951, and 952. Prior to the Cruiser Turbidite deposit, different sediments filled independent fracture
zone valleys. From the early Miocene sequence, above the Cruiser Turbidite, the plain was overflowed as a whole; therefore, the lithologic units are similar
between sites, except for the local contributions marked in the drawing. Based on the general correlation chart in Figure 2 (back-pocket foldout, this volume). T
= turbidite, ORG = organic-rich turbidites, CALC = calcium carbonate-rich turbidites, and VOLC = volcanic-rich turbidites.
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Figure 5. Calcium carbonate values for a selection of organic, volcanic, and
calcareous turbidites at Sites 950, 951, and 952.

Thelatter two sites show much more frequent deposition of green tur-
bidites (generally lessthan 1 m thick).

Pale-green turbidites were emplaced very frequently during the
middle Miocene (16—-12 Ma), ranging in thickness between 0.08-

whereas above these levels most turbidites have Ca@lOes of
30%-60% (Fig. 5). This change in carbonate content slightly post-
dates the increase in pelagic carbonate preservation seen at each site,
and may indicate a large regional deepening of the CCD. Itis possible
that some of the source areas of the organic turbidites were below the
CCD before this event and thus were giving rise to low calcium car-
bonate turbidites.

Volcanic Turbidites

These turbidites are characterized by high magnetic susceptibility
(>100 cgs) due to the presence of volcanic minerals. They are gray in
color, contain little or no organic carbon, and show a wide range of
CaCQ contents. The color and carbonate content seem to be related,
with the darker gray units having lower calcium carbonate contents.
The silt fractions of the volcanic turbidites contain anhedral feldspar,
pyroxenes, and volcanically derived accessory minerals, as well as
felsic volcanic glass shards in some uritgividual turbidites range
from a few centimeters to several meters thick, and all the larger
flows have been correlated between the three sites (Fig. 2, back-pock-
et foldout, this volume).

Volcanic turbidites are very rare in the deeper parts of each site
through the middle and lower part of the upper Miocene sediments.
In these intervals any gray turbidites are difficult to classify as volca-
nic because of their low magnetic susceptibility. They are, however,
very thin, averaging only a few centimeters to a few tens of centime-
ters in thicknessBeginning ~7 Ma (~220 mbsf at each site), the vol-
canic turbidites suddenly become much thicker and show distinctive
high magnetic susceptibility values (Fig. 2, back-pocket foldout, this
volume).From this level to the hole tops, the volcanic turbidites can
be easily correlated among the three sites. The volcanic turbidites
younger than 7 Ma have Cag@lues ranging between 36%0%,
but older than this, the few thin questionable volcanic units vary from
0%-60% CaCQ.

The upper Eocene and Oligocene intervals at Site 950 comprise
red clays with some thin brown turbidites and numerous volcanic ash
layers. This whole interval has a very high magnetic susceptibility.
The volcanic components here are all believed to derive from the
chain of seamounts to the west of the MAP (Cruiser/Hyeres/Great
Meteor Chain), which we know were active volcanoes during the ear-
ly Neogene (Schmincke, Weaver, Firth, et al., 1995).

Gray Nonvolcanic Turbidites

This group of turbidites shows strong similarities to the volcanic
group in terms of color, CaG@nd organic carbon content. Howev-
er, they show very low magnetic susceptibilities, which suggests that
they do not have a volcanic component. Element composition analy-
sis (Jarvis et al., Chap. 31, this volume) shows higher K/AI ratio
(0.35:0.25) and much lower Ti/Al ratio (0.06:0-@20) as the dif-
ferences between nonvolcanic and organic and volcanic turbidites,
respectively. The nonvolcanic turbidites are among the thickest tur-
bidites recovered, exceeding 11 m at Site 952 (2608886 mbsf).

They occur in four principal groups. The first group, 12.5-11.5
Ma, comprises a few turbidites between 260 and 253 mbsf, the sec-
ond group was deposited during the interval 7.4-5.6 Ma and includes
turbidites between 232 and 185 mbsf, the third group dates from 4.2—
3.8 Ma and comprises turbidites between 152 and 144 mbsf, and fi-
nally, group four took place between 1.6 and 1.4 Ma, turbidites 65

0.60 m, and less frequently during the Pliocene (5.3-2 Ma), but witB1 mbsf.The oldest group is only represented at Site 951, whereas the
thicknesses up to 3.7 m. In both periods, the pale-green turbidites asther groups are large flows that can be correlated between the three
preferentially deposited at Site 952, according to its proximity to theites (Fig. 2, back-pocket foldout, this volume).

source area.

In all three sites there is a distinct change in Cac@tent of the

We do not know the source of these turbidites, but their ages
slightly postdate the origin of the volcanic Canary islands of Gran

organic turbidites at ~6.5 Ma (~210 mbsf at each site). Below thes€anaria and Lanzarote, Tenerife, and La Palma and Hierro

levels many organic turbidites have CaC@lues below 20%,
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(Schmincke, 1994). It is possible that the early submarine develop-



ment of avolcanic island is associated with doming of the sediment
pile leading to mass wasting of sediments rather than volcanic mate-
rial.

Volcaniclastic Turbidites

These turbidites are represented by two distinctive flows at the
base of Hole 950A (Fig 2, back-pocket foldout, this volume). They
consist of volcaniclastic silt and fine-grained sandstone capped by
greenish gray clay of probableturbidite origin. The silt/sand partsare
planar and trough cross-laminated with the lower turbidite grading
down into massive sand. They consist mainly of volcanic basaltic
rock fragments and glass shards with only a small admixture of cal-
careous reworked microfossils. Their nature and composition suggest
they were locally derived from erosion of the Cruiser/Hyeres/Great
Meteor Seamount chain to the west.

Calcareous Turbidites

These turbidites are white and show CaCO, contents of more than
80% and have negligible organic carbon content and low magnetic
susceptibility. They are composed dominantly by nannofossils, and
where they have coarser bases they are composed of foraminiferal
tests. They vary from afew centimeters to ~3.6 m thick and are vol-
umetrically lessimportant than either the organic or volcanic turbid-
ites. These turbidites derived from the seamounts to the west of the
MAP (Weaver et a., 1992) and are funneled into the plain through
the fracture zone valleys. As a consequence, there are more calcare-
ousturbiditesin the proximal Site 950, and these have more frequent
and thicker sandy bases than the calcareous turbidites at Site 952,
which lies distally along the same fracture zone valley. The thicker
calcareousturbidites can be correlated between the three sites (Fig. 2,
back-pocket foldout, this volume).

Recovery is poor between 308 and 332.5 mbsf at Site 950 (Cores
157-950A-34X through 36X), but thisinterval does contain two cal-
carenite units and a thick calcareous turbidite. The downhole logs
show thisinterval to consist of three separate graded beds lying be-
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Brown Turbidites

These turbidites are brown, have moderately high magnetic sus-
ceptibility, CaCQ values ranging from 5%0%, and low organic
carbon content. Two shades of brown are observed: pale brown and
greenish brown, both with CaG®©ontent of 20%50%. These tur-
bidites occur only in the interval between 2281 mbsf at Site 950
(~6.5-13 Ma). At Sites 951 and 952 they are not so well represented.
The moderately high magnetic susceptibility of these turbidites may
be indicative of higher pelagic clay content since the pelagic clay lay-
ers between turbidites have high magnetic susceptibility. It would
also account for their brown color. Because they are more common
at Site 950 to the west of the plain, we assume that they derive from
the seamounts to the west. They presumably have a deeper water or-
igin than the calcareous turbidites from this source. We do not know
why they should occur over a limited time interval, although the
deepening of the CCD progressively after 8 Ma may have altered sed-
imentation in their source from clay to ooze.

Debris Flows

Debris flows were identified only in the lower Miocene sedi-
ments, and exclusively at Site 952. The unit between 38885481
mbsf (Core 157-952A-43X) consists of indurated dark-gray sand-
supported clasts, which fall into two classes: subrounded, millimeter-
sized bluish green mud clasts and angular, planar, up to 7 cm long,
dark-gray clayey silt clasts with siliceous microfossils, foraminifers,
and nannofossils. The clasts are horizontally oriented. The unit
grades up into a green turbidite and has a total thickness of 7.11 m. A
second debris flow with a thickness of 1.88 m occurs in Core 157-
952A-43X.

HISTORY OF BASIN INFILL

The history of basin infill is summarized in Figure 6, where the
contribution from each of the main sources: northwest African Mar-
gin, Canary Islands, Cruiser/Hyeres/Great Meteor Seamount Chain,
is given for each site. Site 950 extends furthest back in time reaching
the upper Eocene (Howe and Sblendorio-Levy, Chap. 29, this vol-

tween 308-318.5, 322-324.5, and 3282.5 mbsf. The upper one of ume). The oldest sediments cored include two coarse-grained volca-
these flows is widespread and distinctive, so we have named it ticlastic turbidites that appear to have derived from the now-extinct
Cruiser Turbidite, after the Cruiser Seamount. The basal part of theolcanoes of the Cruiser/Hyeres/Great Meteor Seamount Chain to
Cruiser Turbidite consists of sand-sized carbonate grains mixed withe west. The vesicular nature of the altered vitric tuffs, together with
volcanic debris and granule- to pebble-sized clasts of greenish claxidized scoria fragments, indicate that some of the material was de-
up to 3 cm in diameter. The neritic calcareous grains are stronghlved from subaerial volcanism. The rest of the upper Eocene and Oli-
reminiscent of calcareous beach sand, and the volcanic materialgecene is represented by red clay. Numerous zeolitic ash-fall layers
very fresh, indicating that this deposit was eroded from a beach sowithin this sequence suggest the proximity of active volcanoes, al-
after a volcanic eruption. The incorporation of clay clasts suggestsiost certainly the Great Meteor/Cruiser/Hyeres Chain, and the oc-
these were ripped up from the seabed at depths below the CCD. Tév@rence of thin brown turbidites evokes instability of the volcano
mud part of the Cruiser Turbidite at Site 950 grades from a browfianks. These turbidites contain some volcaniclastic silt and an abun-
carbonate-poor mud to a white carbonate-rich mud, again implying @ance of smectite clays, indicating alteration of volcanic glass. Thus,
mixture of sediment from well above and well below the CCD. the seamount chain to the west of the MAP was volcanically active
The Cruiser Turbidite has been correlated between all three sitagntil at least the end of the Oligocene. There is no evidence of locally
At Site 951 it is 3.6 m thick with 0.51 m of wackestone at its base. Itlerived volcanic material after this time, but there is a 8.3-m.y. hiatus
grades from white in the lower part to green at the top and from 71¥see Howe and Sblendorio-Levy, Chap. 29, this volume) during
CaCQin the lower calcareous mudstone to 31% CaidGhe green  which a large part of the lower Miocene sequence could have been
upper part. At Site 952 it is 3.92 m thick with 0.88 m of graded sandemoved.
and silt at its base. It again grades from a white calcareous mudstone Above the lower Miocene hiatus at Site 950 are the three calcaren-
with CaCQ content of 81% to a green mud at the top with a GaCOites that were again derived from the seamounts to the west. It is
content of 27%. It appears that this unit caused considerable erosilikely that these coarse flows caused the erosion of the lower Mi-
on the plain, eroding pelagic clay on its approach to Site 950 and therene sediments. They contain shallow water or beach material, sug-
green abyssal plain turbidites as it progressed toward the locationsgésting that the seamounts were still subaerial. The lowest of these
Sites 951 and 952. These clays and green muds appear to be fipalcarenites has an age of 17 Ma (Howe and Sblendorio-Levy, Chap.
grained than the original pelagic sediment and concentrated at the t29, this volume), which is slightly older than the basal sediments at
of the unit during its deposition. Sites 951 and 952. The thick upper flow—the Cruiser Turbidite—has
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Figure 6. History of basin development showing the contribution of each of the main sediment sources through time.

been correlated across the basin. At Sites 951 and 952 the sequence
below the Cruiser Turbidite consists of numerous green turbidites,
mostly less than a meter thick, and emplaced at a high frequency.
These turbidites are not found at Site 950, and even above the Cruiser
Turbidite, the frequency of green turbidite emplacement is greater at
Sites 951 and 952. These latter two sites are situated over the center
of afracture zone valley, and Site 950 is |ocated more to the valley
side. Seismic data (Rothwell et a., this volume) shows that the tur-
bidite sequence is much thicker in the fracture zones, and it appears
that thisisdueto the early infilling of the fracture zone valleys during
the late early and middle Miocene. The occurrence of debrisflowsin
the lower Miocene sediments of Site 952 suggests that this site lay at
the base of the continental slope during the early Miocene, rather than
some distance across the abyssal plain. After ~16 Ma, turbidites be-
gan to spread across the whole area and the plain began to form. The
fact that these turbidites, which now cover amuch larger area, are of
equal or greater thickness to those involved in the fracture zone fill-
ing, suggests alarge increase in the volume of each individual flow.

The deeper organic turbidites of Sites 951 and 952 (older than ~12
Ma) contain significant amounts of biosiliceous material, in contrast
to the organic turbidites above, which supports either a change in the
dominant plankton types living along the northwest African Margin
from siliceousto cal careous, or achange in the potential preservation
of siliceous material.

From the base of the upper Miocene sediments to the Holocene, it
is possible to correlate many of the turbidites among the three sites.
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At ~7 Ma volcanic turbidites were suddenly deposited in the se-
quence. A few thin, gray turbidites older than this were not conclu-
sively identified as volcanic. We do not know why the deposition of
volcanic turbidites should have begun at 7 Ma. The most likely
source of al such flows is the Canary Islands (Weaver et al., 1995;
Masson, 1996), but these have a history extending back to 20 Ma
(Schmincke, 1994). The islands, in fact, have an age progression
from east to west with Fuerteventura having an age of 20 Maand Hi-
errointhewest being lessthan 2 Ma. It is possible that turbidites shed
from the older eastern islands of Lanzarote, Fuerteventura, and Gran
Canariawere trapped in alocal basin that had filled by 7 Ma. Alter-
natively, the birth of Tenerife at thistime (5-7 Ma, Ancochea et al.,
1990) may have breached the western margin of thislocal basin, thus
alowing flowsto travel further west to the MAP. The latter hypoth-
esisissupported by the fact that the first flows are both thick and fre-
quent, accounting for a sudden event rather than a gradual basin fill-
ing, which would have allowed the larger flows to overflow with in-
creasing force.

The amount of CaCO;in the pelagic layersbegan toriseat ~8 Ma,
indicating aregional deepening of the CCD at this time. Other step-
like increases in CaCO, preservation occur a ~5 and 3.5 Ma. From
3.5 Mato the present day there have been very large oscillations in
the preservation of CaCO; linked to bottom-water changes associated
with Pliocene—Pleistocene glaciations. The first increase in preserva-
tion at 8 Ma is associated with an increase in the average {£aGO
tent of the organic and volcanic turbidites at this time, which leads us
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