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ABSTRACT

A composite stratigraphic section based on the four DSDP-IPOD Leg 80 drill sites provides a nearly complete rec-
ord of syn-rift and post-rift events in the vicinity of Goban Spur. Syn-rift sediments were deposited in marginal marine
to outer shelf environments. Above the “breakup” unconformity (hiatus spanning most of the Aptian), post-rift Albian
sediments indicate the development of a deep-water seaway in the Goban Spur region. The latest Campanian/Maes-
trichtian interval records the initiation of rather uniform, widely distributed marine sedimentation throughout the re-
gion. Climatic changes, rather than changes in water depth, became conspicuous during the Tertiary. Widespread, near-
ly synchronous periods of nondeposition or erosion occurred in the Paleocene, middle Eocene, middle Oligocene, and
late Miocene. Differences in the sediment record among sites are due to their varying positions (1) along the margin of
the developing Atlantic seaway and (2) within their respective half-graben depositional basins.

INTRODUCTION

During DSDP-IPOD Leg 80, four sites, across Goban
Spur and onto the Porcupine Abyssal Plain, were cored.
Goban Spur, which lies along the Irish continental mar-
gin north of the Bay of Biscay, is a broad, smooth, and
relatively shallow topographic feature formed above a
basement high that represents a submarine extension of
Cornwall. The basement in this area, and below the ad-
jacent Pendragon Escarpment, is broken by a series of
listric normal faults into tilted blocks and intervening
half-grabens. Thick syn-rift and post-rift sediment se-
quences fill the axes of these half-grabens, then thin to-
ward their seaward margins.

Sites 548, 549, and 551 lie at or near the seaward edges
of three different half-grabens located progressively far-
ther westward along Goban Spur and Pendragon Escarp-
ment. Site 550 is on the Porcupine Abyssal Plain (Fig.
1A). Together, these four sites form a roughly east-west
transect across a relatively sediment-starved continental
margin ideally suited to investigation of (1) the subsi-
dence histories of both continental basement and ocean-
ic basement near their junction, (2) the characteristics
and ages of numerous seismic unconformities, and (3)
the depositional environments of both syn-rift and post-
rift sediments.

Biostratigraphy, which has contributed significantly
to the attainment of the major objectives of Leg 80, is
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summarized in this chapter. The basic biostratigraphic
framework for the Cretaceous has been provided by sev-
eral authors. Miiller (this vol.) used the nannofossil zo-
nations of Thierstein (1973, 1976), into which has been
integrated information from Martini (1976), Cepek and
Hay (1969), and Bukry and Bramlette (1970). Magniez
and Sigal (this vol.) used the foraminiferal subdivisions
of Bettensteadt (1952), Bartenstein (1978), and Sigal
(1977). The Cenozoic biostratigraphic framework is also
based on the work of several authors. Miiller (this vol.)
used the “standard nannofossil zonation” of Martini
(1971); and Snyder and Waters (this vol.) used the plank-
tonic foraminiferal zonal schemes of Blow (1969) and
Berggren and Van Couvering (1974), into which has been
integrated information from Stainforth et al. (1975) and
Poore (1979). Detailed discussions of biostratigraphic
interpretations are available in these contributions, so
only broader, more generalized findings are summarized
here. Paleoenvironmental interpretations have been based
on lithological, mineralogical, paleontological, geochem-
ical, and geophysical studies by numerous authors of this
volume. Their chapters are cited at appropriate places in
the following discussions.

Where possible, paleomagnetic interpretations (Town-
send, this vol.) are correlated with biostratigraphic sub-
divisions. Unfortunately, a conclusive magnetic polarity
sequence could not be defined for large portions of the
sediment section at several sites. For example, all sedi-
ments below the base of the Pleistocene (27 m sub-bot-
tom) in Hole 549A are weakly magnetized. Because in-
terpretations must therefore be based solely on NRM,
the magnetostratigraphy is tentative. Elsewhere, poor
core recovery, condensed sections, and numerous rever-
sals combine to make the magnetostratigraphy ambigu-
ous (e.g., the Miocene section of Hole 550).
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Figure 1. A. Locality map. (Water depth in meters.) B. Unconformities identified at Leg 80 sites (depths at which the unconformi-
ties occur given in m sub-bottom). Biostratigraphic correlations and absolute age estimates are after Hailwood et al., 1979.

1170



BIOSTRATIGRAPHIC, PALEOENVIRONMENTAL, AND PALEOMAGNETIC SYNTHESIS

Site 548
(epibathyal)

abadeaka b ol

b Pt i et

247

305

b o P o P

Site 549
(bathyal)

$
2
b {7
4

1]
-~

47

50

352

B
Biostratigraphic
zone
Age -
i1 s
(-] -
=8
w
Pleistocene NN19 :gg
I. Pliocene |- NN1§— J— N2l |
— w12 N19-N207
. e. Pliocene [~ ™. N18 4
NN11 N17
1. Miocene
N16
NN10
104
NNS
" NNB \_N15-13]]
NN7
15| ™ Miocene NNG h'l‘fl‘f
NNE | ng
N8
NN4 N7
NN3 N6
20 .
a. Miocene NNZ il
NN1
N4
25 —
NP25 P22
) NP24 P21b
1. Oligocene
P21a
30
= P20
E NP23
g‘ P19
| e. Olig
= NP22 P18
NP21 T
I. Eocene NP19 P16
40 NP18 P15
NP17 P14
NP16 P12
45— m. Eocene P12
NP15 P11
' NP14 P10
50 NP13 P9
P8
e. Eocene NP12 P7
NP11
NP10 P6
55 — NPO =
I Paleocene |- npg_ o pa
— NP5
60 NP4 P3
NP3 P2
e. Paleocene
NP2 P1
65 NP1

Figure 1. (Continued).

L = Py

97

413

470

e T e o

bt ot 0t o 7 vt

ILH

471

]

381

Tertiary

(lower bathyal)

Site 551

.
9

Washed

Site 550

(abyssal)

G

s
Washed
100

ILH

255

s o Pt v ot o

310

101

31

Ll

428

447

1171



S. W. SNYDER ET AL.

Berggren et al. (in press) are compiling first-order
biostratigraphic datum levels against magnetic stratigra-
phy to update the Cenozoic time scale. In connection
with this compilation, estimates of the absolute ages of
some magnetostratigraphic and biostratigraphic “events”
are likely to be modified. For example, previous correla-
tions of biostratigraphy and age estimates for the lower/
middle Eocene boundary are probably incorrect (Berg-
gren, pers. comm., 1982). It is beyond the scope of this
summary to propose new correlations among biostratig-
raphy, magnetostratigraphy, geochronology, and abso-
lute dating. Therefore, we have simply adopted the ab-
solute ages suggested by Hailwood et al. (1979), with the
full understanding that some modifications are immi-
nent. This approach will provide a suitable frame of ref-
erence for interpreting our data and for relating them to
any future changes. It will also simplify the compari-
sons that will certainly be made with results from Leg 48
(Bay of Biscay).

The next section of the chapter, “Unconformities,”
presents an overview of the sediment sections encoun-
tered at each of the four drill sites. Following that are
sections on pre-rift sequences, syn-rift and post-rift se-
quences of the Cretaceous, and Tertiary and Quaternary
sequences. The “Summary” section reviews the chro-
nology of major “events,” and provides the generalized
geological history for each site.

UNCONFORMITIES

Among the major objectives of Leg 80 was the inves-
tigation of numerous seismic unconformities, all of
which have been dated biostratigraphically (Miiller;
Snyder and Waters; Magniez and Sigal; all this vol.). In
addition, several less pronounced unconformities, many
involving a hiatus too short to be resolved biostrati-
graphically, were noted during inspection of the cores.
The basic sedimentary pattern associated with most un-
conformities was a coarser, often turbiditic deposit over-
lying a more homogeneous pelagic unit, often a chalk
(Poag et al., this vol.). All unconformities referred to
hereafter are plotted on Figure 1B.

Site 548

Hercynian basement rocks (middle to upper Devoni-
an) composed of unfossiliferous gray quartzites and shiny
black shales (Lefort, this vol.) are encrusted with a
phosphatic, calcareous hardground that appears to rep-
resent a long period of slow deposition characterized by
upwelling (Karpoff et al., this vol.). This phosphatic
crust is unconformably overlain by upper Campanian
chalks. Cretaceous sediments above the unconformity
represent continuous deposition from the late Campani-
an through the late Maestrichtian.

The Cretaceous/Tertiary boundary is marked by a hi-
atus representing the earliest Paleocene; planktonic fo-
raminiferal Zones Pla through Plc and nannofossil
Zones NP1 and NP2 are missing. Another unconformity
(hiatus of about 4 m.y.) occurs within the middle Paleo-
cene. Lower Eocene marly nannofossil chalks are un-
conformably overlain (hiatus of 1-2 m.y.) by middle Eo-
cene silty nannofossil chalks, There may be minor un-
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conformity at the Eocene/Oligocene boundary (Miller
et al., this vol.), but recovery was poor through this in-
terval and the evidence is not conclusive. There is a mid-
dle Oligocene hiatus, representing perhaps 3 to 4 m.y.,
that spans parts of nannofossil Zones NP23 and NP24.
The Oligocene section is extremely condensed, and
planktonic foraminiferal evidence regarding this uncon-
formity is equivocal. One or two very minor uncon-
formities may exist within the upper Oligocene section
(Miller et al., this vol.). The youngest major uncon-
formity (hiatus of about 5 m.y.) at Site 548 separates
middle Miocene nannofossil chalk from upper Miocene
laminated mudstone. Sedimentary and benthic forami-
niferal evidence indicates an upper Miocene erosional
unconformity (within planktonic foraminiferal Zone
N17) representing a span of perhaps slightly more than
1 m.y. (Poag and Low, this vol.). Poag and Low also rec-
ognize a minor middle Pliocene unconformity (within
Zone N19/N20). Neither of these unconformities was
recognized during surveys of planktonic foraminifers
and nannofossils, but each conforms to a drop in sea
level on the curve of Vail and Hardenbol (1979). Nanno-
fossil evidence suggests a minor hiatus during the Qua-
ternary; the lowest part of Zone NN20 appears to be
missing.

Site 549

Hercynian basement rocks at Site 549 (Devonian or
lower Carboniferous) are composed of fine- to medium-
grained, laminated and cross-laminated sandstones with
vertically oriented cleavage planes (Lefort, this vol.). Ly-
ing unconformably upon the basement are interbedded
terrigenous and calcareous syn-rift mudstones of the Bar-
remian and possibly, in part, the Hauterivian. Capping
this thick (290-m) syn-rift sequence is the “breakup”
unconformity (hiatus of about 9 m.y.) that spans most
of the Aptian and possibly part of the lower Albian. A
thin (9.7-m) sandy dolosparite which underlies the un-
conformity has not yet been dated, but it appears to rep-
resent Aptian syn-rift deposition; a thick post-rift Albi-
an section lies above. Foraminiferal studies reveal a mid-
dle Albian through early Cenomanian hiatus. A similar
hiatus is well known from other sites in the North At-
lantic (de Graciansky et al., 1982). Although nannofos-
sil evidence is equivocal, foraminiferal studies suggest
that the upper Cenomanian section is missing. Nan-
nofossil evidence indicates that the middle part of the
Maestrichtian is also missing.

The Cretaceous/Tertiary boundary at Site 549 is
marked by an unconformity (hiatus of about 4 m.y.)
that represents most of the early Paleocene. Nannofossil
evidence indicates a shorter hiatus (about 1 m.y.) during
the early part of late Paleocene time. Nannofossil Zone
NP10 (lower Eocene) is unusually thin at this site. In ad-
dition, 41 thin bentonite layers recognized at this level in
Hole 550 are not present at Site 549, suggesting that
part of Zone NP10 is missing (Knox, this vol.). A minor
unconformity has also been tentatively identified near
the middle/upper Eocene boundary by Miller et al. (this
vol.). Their interpretation is confirmed by the extreme-
ly thin section assignable to nannofossil Zone NP17.
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The very thin sediment section representing nannofossil
Zone NP23 indicates that a middle Oligocene uncon-
formity is present (hiatus of 4-5 m.y.). As at Site 548,
planktonic foraminiferal evidence is equivocal. A major
unconformity (hiatus of about 5 m.y.) represents the lat-
est Oligocene and part of the early Miocene. The rather
abbreviated Miocene section is interrupted by another
unconformity (hiatus of a least 5 m.y.) that separates
middle Miocene from upper Miocene sediments. An-
other major unconformity (hiatus of at least 3.5 m.y.)
separates the upper Miocene and the Pleistocene sec-
tions. The associated hiatus spanned the entire Pliocene
and a portion of the early Pleistocene (the lower part of
nannofossil Zone NN19 is missing). An abrupt litholog-
ic and planktonic foraminiferal faunal change within
the Pleistocene (between Cores 2 and 3, Hole 549A) sug-
gests a probable sediment gap (Pujol and Duprat, this
vol.), but the duration of the hiatus has not been esti-
mated.

Site 550

Basement rocks at Site 550 are basalt flows and pil-
lows interbedded with deep-water pelagic carbonates
which appear to have been deposited no earlier than the
late Albian. The sediments immediately above the
youngest pillows are upper Albian. A relatively thick,
continuous upper Albian through middle Cenomanian
sequence is capped by an unconformity overlain by Co-
niacian/Santonian deposits. The latter sequence is, in
turn, unconformably(?) overlain by younger sediments
(probably Campanian) that were deposited below the
carbonate compensation depth. A thick, apparently
continuous Maestrichtian section completes the Creta-
ceous sequence.

The Cretaceous/Tertiary boundary lies within a se-
quence of abyssal chalks. The boundary was not recov-
ered in Hole 550, where nannofossil Zone NP3 and fo-
raminiferal Zone P1d appear to lie immediately upon
upper Maestrichtian sediments. However, recovery
through the interval containing the boundary was rather
poor. Recovery was better in Hole 550B, where the pres-
ence of Foglobigerina eugubina, an indicator of forami-
niferal Zone Pla, suggests that the Cretaceous/Tertiary
boundary is conformable. Basal Tertiary nannofloral
associations have also been recognized in this interval,
which consists of turbiditic layers containing lowermost
Paleocene and Maestrichtian reworked microfossils. Two
hiatuses, one uppermost lower Paleocene (suggested by
the absence of foraminiferal Zone P2) and one upper
Paleocene (suggested by nannofossil evidence in an in-
terval where dissolution has almost completely destroyed
foraminifers), interrupt the Paleocene sequence. Sedi-
ments containing lower Eocene planktonic foraminifers
are separated from those containing the lower Miocene
assemblages by an interval barren of foraminifers which,
according to nannofossil evidence, contains a condensed
uppermost middle to upper Eocene and a partial Oligo-
cene sequence. There is a middle Eocene unconformity
in which nannofossil Zone NP17 overlies Zone NP14. A
major Oligocene unconformity (hiatus of at least 5 m.y.)
separates sediments of Zone NP21 from those of NP24/

NP25. Higher in the section, the absence of nannofossil
Zone NN4 indicates a possible lower/middle Miocene
hiatus, but assemblages from this zone could lie within
a 1.2-m unsampled interval. The youngest major uncon-
formity (hiatus of 4-5 m.y.) at this site separates middle
from upper Miocene sediments. The post-Pliocene re-
cord is incomplete because continuous coring was not
initiated until 100 m below the seafloor.

Site 551

The basement complex of basaltic flows and pillows
is overlain by an abbreviated Cretaceous sequence (41.5
m thick) at Site 551. Hiatuses and, to a lesser extent, re-
duced sedimentation rates are responsible for the con-
densed Cretaceous section. Upper Cenomanian chalks,
which lie directly upon basaltic basement, are overlain
by lower Turonian deposits, including black shale rich in
organic matter. A major unconformity (hiatus of about
20 m.y.) separates Turonian from upper Campanian sed-
iments. An apparently continuous upper Campanian
through lower Maestrichtian sequence is unconform-
ably overlain by upper Paleocene sediments (nannofos-
sil Zone NP9, undifferentiated upper Paleocene, ac-
cording to evidence of planktonic foraminifers). A hia-
tus representing at least 14 m.y. exists at this contact.

The Tertiary section at Site 551 is represented by on-
ly three cores, taken at widely spaced intervals. A con-
densed section of uppermost Paleocene to lowermost
middle Eocene sediments is present, but detailed bio-
stratigraphic information on the entire sequence is not
available.

PRE-RIFT SEQUENCES

Hercynian basement rocks at Site 548 comprise a few
large chips (up to 10 cm) of unfossiliferous gray quartz-
ite and shiny black shale (Lefort, this vol.). The shale
contains middle Devonian planktonic acritarchs and
fragments of plant tissues and spores. This quartzite-
shale sequence probably accumulated in coastal to shal-
low marine environments.

At Site 549, no fossils were recovered from the base-
ment strata, which consist of fine- to medium-grained,
laminated and cross-laminated sandstones, rose, brown,
or gray, superficially resembling the “Old Red Sand-
stones.” The composition, mild diagenesis, and Rb/Sr
measurements on muscovites suggest equivalence to the
Devonian-lower Carboniferous sequence of Ireland (Le-
fort, this vol.).

SYN-RIFT SEQUENCES

Syn-rift strata were penetrated at Site 549. The sec-
tion includes 9.7 m of possibly Aptian dolosparite lying
unconformably above 290 m of Barremian/Hauterivi-
an(?) siliciclastic and bioclastic strata, which rest on Her-
cynian basement (Fig. 2).

Barremian-Hauterivian(?)

A long normal-polarity interval characterizes the en-
tire Barremian/Hautervian(?) section. Only one short
polarity reversal was detected (880 m sub-bottom), indi-
cating that the base of the Cretaceous quiet zone proba-
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Late Cretaceous

Figure 2. Graphic summary of the Cretaceous.
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bly was not reached at Site 549 (Townsend, this vol.).
According to the polarity time scale of van Hinte (1976),
sediments immediately above the basement would thus
be no older than Barremian. On the other hand, micro-
fossil data do not rule out the possibility that the basal
strata may be upper Hauterivian (Magniez and Sigal,
this vol.).

Detailed analyses of sediment composition, texture,
X-ray mineralogy, and microfossil and macrofossil as-
semblages (both plant and animal) have revealed a com-
plex depositional and environmental history for the syn-
rift strata (Miiller; Magniez and Sigal; Mazzullo et al.;
Batten; Borkowski and Muzzullo; Rat et al.; all this
vol.). Three basic depositional/environmental facies are
represented, but several subfacies are obvious as well.

Strata of the first facies (956 to 852 m sub-bottom)
rest upon the basement, and are dominantly well-sorted
terrigenous clastics. The fossil content is sparse at the
base, but higher beds contain shell debris (e.g., oysters),
echinoderms, sponges, worm tubes, calcareous algae,
and benthic foraminifers (chiefly agglutinated species of
Choffatella and Haplophragmium). The general taxo-
nomic compositions of these assemblages and their
sparsity and low diversity suggest that they accumulated
in shallow coastal environments. The dominant fora-
minifers are typical of hyposaline conditions. Some of
the algae are types that need strong light concentration
and are good indicators of shallow, clear water. Abun-
dant terrigenous plant debris, spores, and pollen within
this unit indicate deposition close to a landmass covered
with mixed pteridophyte-gymnosperm vegetation grow-
ing in a relatively warm climate.

The second syn-rift depositional facies (852 to 755 m
sub-bottom) reflects increasingly marine conditions, and
is characterized by abundant carbonate within a series
of bioclastic siltstones, silty limestones, and oncolitic
grainstones. The marine fossil content is more abundant
and varied, including bryozoans, bivalves, brachiopods,
gastropods, corals, worm tubes, calcareous algae, and
benthic foraminifers. The foraminiferal assemblage is
dominated by Trocholina (a shallow-marine form) and a
variety of encrusting species. These characteristics sug-
gest a shallow carbonate-shelf environment. Changes in
the nature and abundance of organic debris also suggest
increasing marine influence.

The third facies (755 to 674 m sub-bottom) is marked
by the return of abundant terrigenous detritus (silt and
clay) and the introduction of planktonic and abundant
calcareous benthic foraminifers. Bioclasts include mol-
lusk and echinoderm fragments, sponge spicules, and
belemnites. The presence of planktonic foraminifers is
especially characteristic of open marine conditions, and
their relative abundance argues for relatively great, per-
haps bathyal, depths.

Aptian

The presence of Aptian sediments at Site 549 has not
been firmly established. Circumstantial evidence sug-
gests, however, that the 9.7-m-thick red, sandy dolos-
parite at 664.15 to 673.85 m sub-bottom may be a rem-

nant of Aptian deposition. The predominant compo-
nents (dolomite, quartz, calcite, hematite, plagioclase
feldspar, clay minerals, volcanic rock fragments, fora-
minifers, echinoid plates) suggest deposition in littoral
to outer sublittoral environments. Later cementation
took place in brackish and fresh-water paralic continen-
tal environments. The dolosparite is bounded below and
above by an unconformity created during subaerial ex-
posure, as indicated by the dolomitization and hemati-
zation of the rock (Borkowski and Mazzullo, this vol.).
Thus, this unit appears to lie directly beneath the post-
rift unconformity, and therefore to be part of the syn-
rift sequence. Further, the dolosparite appears to be
contiguous with a thick syn-rift sequence that can be
seen to the northeast of Site 549 on seismic reflection
profiles. The position of this syn-rift sequence above the
Barremian sequence and below the post-rift unconform-
ity is strong evidence that it is Aptian.

POST-RIFT SEQUENCES

Albian

Albian strata were encountered at two sites, 549 and
550. The thick, nearly complete Albian section at Site
549 is characterized by normal polarity within the Creta-
ceous quiet zone (Fig. 2). A short polarity reversal oc-
curs in the middle Albian sequence, but poor recovery
prevented recognition of any patterns in the lower and
upper Albian. Three short reversals detected in probable
upper Albian sediments from Site 550 may represent the
upper Albian mixed-polarity interval (van Hinte, 1976;
Hailwood et al., 1979). This interpretation is broadly
consistent with biostratigraphic evidence.

Biostratigraphic studies document the presence of an
uppermost lower Albian and a thick middle Albian se-
quence at Site 549. A single relatively homogeneous for-
mation and foraminiferal fauna characterize the entire
section. The overall foraminiferal association is rela-
tively diverse, although the benthic species are some-
what less so than at comparable stratigraphic levels in
other geographic regions (e.g., marine basins in Europe,
numerous oceanic sites). The abundance of planktonic
foraminifers and radiolarians indicates an open-marine
influence and deposition in a middle to lower bathyal
environment. Nannofloral associations suggest less ho-
mogeneity, with alternations through the middle Albi-
an that may reflect climatic fluctuations. Sporadic in-
creases in the relative abundance of radiolarians suggest
that periodic upwelling may have occurred (Waples, this
vol.). However, Albian strata contain very little organic
matter; deposition took place in moderately well oxy-
genated environments (Batten et al.; Waples; de Gra-
ciansky and Gillot; all this vol.).

Nannofloral and foraminiferal evidence indicates the
presence of a thin sequence of upper Albian pelagic car-
bonates at Site 550. These lower bathyal to abyssal car-
bonates immediately overlie and are interbedded with
basalt flows and pillows.

Post-rift Albian sediments indicate the presence of a
developing deep-water seaway in the Goban Spur re-
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gion. Site 549 had subsided to middle bathyal depths,
whereas marine deposition at Site 550 was initiated at
lower bathyal to abyssal depths (Masson et al., this vol.).

Cenomanian

Cenomanian sediments were encountered at Sites 549,
550, and 551. All intervals where recovery was sufficient
to permit paleomagnetic analysis were characterized by
an uninterrupted pattern of normal polarity (Fig. 2).

Cenomanian sediments at Sites 549 and 551 contain
nannofossils that have been extensively fragmented and
partially dissolved during diagenesis. Concomitant dis-
solution of siliceous microfossils resulted in the forma-
tion of biogenic opal-CT at Site 549, and probably con-
tributed to the formation of zeolites (clinoptilolite) at
Site 551. Preservation is somewhat better at Site 550,
where extensive dissolution/recrystallization was limited
to discrete layers.

Despite gaps in the stratigraphic record, resulting
from disconformities in portions of the Cenomanian at
several sites, deposition appears to have taken place in
well-oxygenated environments that were far offshore.
The only exception to this pattern is indicated by the
presence of several laminated black shales and numer-
ous carbonaceous silty mudstones (6 to 30 cm thick) at
Site 550. Their increased TOC, of chiefly marine origin,
indicates that deposition must have occurred in oxygen-
depleted conditions (Waples; de Graciansky and Gillot;
Cunningham and Gilbert; all this volume).

Turonian

A distinct but thin sequence of Turonian black shales
rich in organic matter (8-11% TOC) occurs at Sites 549
and 551. These layers, observed also at other sites in the
North Atlantic (de Graciansky et al., 1982), correspond
to an anoxic event which interrupted well-oxygenated
conditions reflected in the remainder of the Upper Cre-
taceous sequence. This anomalous anoxic event was as-
sociated with a major marine transgression and a period
of widespread volcanic activity (Miiller, this vol.). Dia-
genetic processes have destroyed much of the nanno-
flora within these organic-carbon-rich deposits, but in-
terbedded white chalks have been reliably dated as Turo-
nian.

Santonian Coniacian

Santonian/Coniacian sediments, present only at Sites
549 and 550, were deposited near the end of the Creta-
ceous magnetic quiet period; they are characterized by
normal polarity (Fig. 2). One brief magnetic reversal
was noted at Site 550. Biostratigraphic subdivision of
the condensed Santonian/Coniacian sections was not pos-
sible. Nannofossils are common at Site 549, but have
generally been fragmented during diagenesis; they are
absent from the lower part of this interval at Site 550,
possibly because sediments accumulated below the car-
bonate compensation depth. The unconformity sepa-
rating Santonian/Coniacian deposits from underlying
Cenomanian sediments was confirmed by foraminiferal
studies.

1176

Campanian

At least some portion of the Campanian Series ap-
pears to be present at each of the four Leg 80 sites. It is
consistently associated with a normal-polarity episode
that has been identified as Anomaly 33 (Fig. 2).

A condensed sequence of abyssal Campanian sedi-
ments has been tentatively identified at Site 550. Micro-
fossil evidence is lacking because of probable deposition
below the carbonate compensation depth; identification
is based on the presence of a paleomagnetic anomaly
that is elsewhere associated with Campanian assem-
blages. A condensed but apparently complete section oc-
curs at Site 549, whereas only upper Campanian strata
are present at Sites 551 and 548. Upper Campanian sed-
iments appear to be transgressive upon Hercynian base-
ment rocks at Site 548. Microfossil data suggest that ini-
tial Campanian deposits at Site 548 accumulated in less
than 500 m of water (Magniez and Sigal, this vol.).
Structural and geophysical constraints suggest, however,
that the initial Campanian water depth at Site 548 ex-
ceeded 500 m (Masson et al., this vol.). Before the initial
Campanian deposition, there appears to have been at
Site 548 a long period of slow deposition, which allowed
encrustation of a phosphatic, calcareous hardground
upon the Devonian basement. The hardground is undat-
ed, but its phosphatic content indicates upwelling at this
site during the encrustation (Karpoff et al., this vol.).

Maestrichtian

Sequences abbreviated primarily by unconformities
represent the Maestrichtian Stage at Sites 549 and 551.
A somewhat condensed but apparently complete Maes-
trichtian section is present at Site 548; a thicker, contin-
uous sequence occurs at Site 550. Only magnetic Anom-
aly 32 has been recognized in the abbreviated sections,
but Anomalies 30 to 32 can be identified at Sites 548
and 550 (Fig. 2).

The effects of dissolution are slight in this portion of
the Upper Cretaceous section, even in sediments which
accumulated at abyssal depths (Site 550). Both nanno-
fossil and foraminiferal associations at Site 548 indicate
an outer-shelf to upper-slope depositional environment.
More seaward sites were of course situated at corre-
spondingly greater depths.

THE TERTIARY

Significant accumulations of Tertiary sediments were
continuously cored at Sites 548 (471 m), 549 (381 m),
and 550 (469 m). The abbreviated Tertiary section at Site
551 (100 m) was not continuously cored; in addition to
the mudline core, only two cores, one near the middle
and one at the base of the Tertiary section, were recov-
ered. Consequently, Site 551 has not been included in
most segments of the following discussion.

Despite similar thicknesses of the overall Tertiary sec-
tion at three of the sites, there are pronounced differ-
ences in the stratigraphic thicknesses of individual series
comprising this system (see fig. 7 of Snyder and Waters,
this vol.). These differences result from (1) the positions
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of the sites at various points along the continental mar-
gin and abyssal plain, and (2) the different positioning
of the sites within their respective half-grabens. Refer to
Figures 3 and 4 during the following discussion.

Paleocene

Portions of the Paleocene are present at all Leg 80
sites, although the section at Site 551 is only several cen-
timeters thick. Magnetic susceptibility and the intensity
of remanent magnetism are generally high, particularly
at Site 550. Both the lowermost and the middle Paleo-
cene are absent at Site 548. The resultant Paleocene sec-
tion is too abbreviated and too condensed to permit un-
equivocal paleomagnetic interpretation. Magnetic Ano-
malies 25 and 26 have been recognized within the upper
Paleocene sediments at Site 549, but the lower Paleo-
cene section is incomplete and extremely condensed
(Fig. 3). Despite unconformities in both its lower and
upper portions, the Paleocene stratigraphic sequence at
Site 550 is more complete than at other Leg 80 sites.
Magnetic Anomalies 25 through 27 have been recog-
nized in Hole 550, but the identification of Anomalies
28 through 30 is tentative. Fortunately, Anomalies 28

and 29 can be confidently recognized in Hole 550B; the
Cretaceous/Tertiary boundary lies within the reversed-
polarity episode preceding Anomaly 29 (Fig. 3).

Upper Paleocene sediments (nannofossil Zone NP8)
at Site 549 contain a dark gray, friable, fine sand that
represents an altered volcanic ash (Knox, this vol.). Sim-
ilar ashes occur at a similar stratigraphic level in the
North Sea area (Knox and Morton, in press).

Well-preserved, low-diversity lower Paleocene associa-
tions characterize both nannofossils and planktonic for-
aminifers at Sites 548 and 549, indicating relatively cool
surface waters. Extensive dissolution of microfossils
within several upper Paleocene horizons at Site 550 sug-
gests deposition below the CCD. The middle Paleocene
hiatus identified at all Leg 80 sites is widely recognized
(Leg 48, northwestern European Tertiary basins). Poag
et al. (this vol.) examined changes across the lower/up-
per Paleocene unconformity at Site 548. Significant
changes upward across the unconformable contact in-
clude an increase in grain size and clay content, a de-
crease in 6'%0 and 8'3C, a decrease in benthic foraminif-
eral diversity, and an increase in the percentage of ben-
thic foraminifers relative to other microfossils. Before
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Figure 3. Graphic summary of the early Tertiary (Paleogene).
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Figure 4. Graphic summary of the late Tertiary and Quaternary (Neogene). (Jar = Jaramillo event; Old = Olduvai event.)

the sea-level fall corresponding to the hiatal interval,
bottom conditions were well oxygenated, relatively cool,
and situated at epibathyal depths. Post-hiatal deposition
resumed in the form of turbidites displaced from adja-
cent areas of the slope, after which warmer bottom-wa-
ters became established. Upper Paleocene planktonic
foraminiferal associations, marked by an increase in
Morozovella and Acarinina relative to Subbotina, indi-
cate warmer surface waters. Higher-diversity, warmer-
water nannofloral associations also characterize upper
Paleocene sediments at Sites 548 and 549, where there is
a corresponding increase in siliceous microfossils.

Eocene

The Eocene section at Site 548, which is interrupted
by a major unconformity at the lower/middle Eocene
boundary, is moderately thick. Magnetic Anomalies 20-
22, 24A, and 24B have been recognized, but Anomaly
23 is absent owing to the unconformity (Fig. 3). The
change from marly sediments to chalks across this con-
tact correlates with decreases in the intensity of rema-
nent magnetism and the volume susceptibility, and it
marks the end of an increased supply of volcanic mate-
rial during the early Eocene. There is a normal-polarity
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interval within nannofossil Zone NP10 that does not
correlate with any specific magnetic anomaly on the stan-
dard scales. Magnetic Anomalies 15 to 24 are present in
the thick, essentially continuous Eocene section at Site
549. Results from a significant portion of this section
are somewhat tentative because they are based solely on
NRM measurements. Eocene sediments at Site 550 lie
largely within the lower part of that series. NRM inten-
sities and volume susceptibilities are notably higher than
in younger sediments at this site, and magnetic Anoma-
lies 22 to 24B have been recognized. No meaningful pa-
leomagnetic patterns are discernible in Hole 551, owing
to a lack of sampling.

Nannofossil associations from lower Eocene sedi-
ments at all Leg 80 sites are highly diverse and indicate
relatively warm surface water. In the uppermost lower
Eocene (nannofossil Zones NP13 and NP14) at Site
550, compositional changes in the assemblages mark a
slight decrease in surface water temperature. The lower
Eocene section at Site 548 is terminated by an uncon-
formity representing a hiatus of about 2 m.y. (nannofos-
sil Zone NP13 is missing). Among planktonic foramini-
fers, an abrupt decrease in the abundance of Acarinina,
coupled with an inverse trend in Subbotina, also sug-
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gests that surface waters cooled in the latest early Eo-
cene. According to Poag et al. (this vol.), lower Eocene
deposits at Site 548 accumulated in a well-oxygenated,
relatively warm, epibathyal environment. The bottom
environment began to shift toward significantly cooler
conditions just before a major sea-level fall that corre-
lates with the hiatus. Brown and Downie (this vol.) rec-
ognize an impoverished association of dinoflagellate
cysts in the lower Eocene of Site 548. It is similar in
some respects to lower Eocene Zones II and III on
Rockall Plateau (Costa and Downie, 1979). Pollen is
primarily from gymnosperms, indicating deposition far
from any shoreline. The magnetic fabric of Goban Spur
sites indicates that the early Eocene depositional regime
differed from other periods studied within this region,
because magnetic grains are aligned parallel to the con-
tinental slope. In contrast, grain alignment is perpen-
dicular to the slope in all other stratigraphic sections.
Thus, a regime of contour currents may have been es-
tablished along Goban Spur in the early Eocene (Hail-
wood and Folami, this vol.).

Disseminated globular volcanic ash particles are com-
mon in the lower Eocene at Site 550 (Knox, this vol.).
Numerous discrete bentonite layers, each 2 to 3 cm thick,
are present in the basal part of this section. Disseminat-
ed ash particles also occur in the lower Eocene at Site
549, but discrete bentonite layers comparable to those at
Site 550 have not been recognized. As discussed previ-
ously, their absence is probably due to an unconformity
in which part of nannofossil Zone NP10 is missing.
Comparable bentonites have been identified, however,
in sediment from Hole 401 (Leg 48), in the North Sea,
and in the Rockall area. On the basis of regional trends
in their distribution, number, and thickness and of gen-
eral compositional similarities among their plagioclases,
Knox suggests that the lower Eocene ashes in the Goban
Spur area are distal representatives of explosive volcan-
ism that affected the entire northeastern Atlantic.

Middle Eocene sediments at Sites 548 and 549 accu-
mulated in cool temperate waters at epibathyal to bathy-
al depths. Significant upsection changes across the
lower/middle Eocene unconformity at Site 548 include
an increase in grain size, heavier values for §!%0 and
8'3C, and an increase in benthic foraminiferal faunal di-
versity (Poag et al., this vol.). Compared with the lower
Eocene, middle Eocene sediments were deposited in
cooler water and environments slightly more offshore.
A decrease in the abundance of Morozovella and a cor-
responding increase in Acarinina among planktonic fo-
raminiferal associations indicate that surface waters
were also cool. Site 550 was below the carbonate com-
pensation depth during much of the middle and late Eo-
cene.

The upper Eocene section at Site 548 is condensed,
and that at Site 550 is incomplete because of an uncon-
formity; a clear record of upper Eocene trends is re-
corded in the thick stratigraphic section at Site 549. Grad-
ual cooling of surface waters is suggested by changes
in the nannofloral associations. However, changes in
planktonic foraminiferal diversity and dominance, coup-
led with small isotopic changes, may indicate increased

productivity rather than a temperature decrease
(Loubere, this vol.). In the upper Eocene interval there
are major changes in benthic foraminiferal assemblages,
including abundance changes among predominant spe-
cies and first- and last-appearance datums for several
species (Miller et al., this vol.). The effect on the overall
benthic foraminiferal fauna is one of gradual change,
which corresponds to a major 630 increase that began
in the latest Eocene. Miller et al. (this vol.) cite these
events as evidence for the initiation of vigorous bottom-
water flow—manifested by a late Eocene erosional epi-
sode at most North Atlantic localities—during which
old, warm, corrosive, sluggishly circulating bottom wa-
ter was replaced by younger, colder, more vigorously cir-
culating bottom water from a northern source.

There is a thin (2-cm) volcanic ash layer in the upper
Eocene section (nannofossil Zone NP18) at Site 549
(Knox, this vol.). It is composed of colorless, fine sand
disseminated through nannofossil oozes. The episode
responsible for this ash is not so widely recognized as
the Paleocene and early Eocene episodes, but it may
have been part of the volcanic activity occurring in Ice-
land in the late Eocene (Karpoff et al., this vol.).

The planktonic foraminifer- and nannofossil-based
identifications of the Eocene/Oligocene boundary at
Site 549 do not coincide. This discrepancy is discussed
in detail by Snyder et al. (this vol.). Regardless of which
interpretation is utilized, there are no dramatic faunal or
floral changes at this series boundary. The pattern is one
of gradual change through the upper Eocene and lower
Oligocene, similar to that noted by Corliss (1979, 1981)
and Tjalsma and Lohmann (1983).

Oligocene

Paleomagnetic sequences in the Oligocene Series of
Leg 80 sites have been difficult to interpret (Fig. 3). No
conclusive magnetic polarity reversal sequence could be
defined at Site 548. Magnetic Anomalies 7, 7A, 8, 13,
and 14, as well as several polarity reversals that have not
been identified, occur at Site 549. Results at this site are
based largely on NRM measurements, however, and the
assignment of magnetic anomaly numbers is tentative.
Interpretations have relied heavily upon biostratigraphy
to define gaps in the sequence. No magnetic data are
available for the Oligocene at Site 550.

The vigorous cold-water circulation which began dur-
ing the late Eocene culminated in a rapid cooling event
during the early Oligocene. Abrupt increases in §'80 and
813C occur just above the Eocene/Oligocene boundary
at Site 549 (Miller et al., this vol.). Lower Oligocene
nannofossil and planktonic foraminiferal associations are
of low diversity, and contain species indicating cool sur-
face waters and decreased primary productivity. Con-
densed sections and some sort of middle Oligocene hia-
tus occur at all continuously cored Leg 80 sites. The
hiatal interval correlates roughly with a major drop in
sea level on the curve of Vail and Hardenbol (1979).
Poag et al. (this vol.) have examined the Oligocene un-
conformity (hiatus of about 4 m.y.) at Site 548. Upsec-
tion changes in grain size (greater), 6'3C (lighter), ben-
thic foraminiferal faunal diversity (lower), and quantita-
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tive changes among benthic species indicate a transition
from well-oxygenated, relatively cool, epibathyal condi-
tions in the early Oligocene to shallower (but still epi-
bathyal), slightly warmer conditions in the late Oligo-
cene. Deposition of nannofossil Zone NP24 was charac-
terized by fluctuating water masses, as evidenced largely
by the presence or absence of Chiasmolithus altus. Up-
permost Oligocene nannofossil assemblages suggest a
warmer-water influence associated with marine trans-
gression. The few dinocysts present in this interval at
Site 548 are similar to late Oligocene forms from the
Rockall area (Brown and Downie, this vol.). There is a
high percentage of wind-transported gymnosperm pol-
len types, indicating deposition far from any land area.

Miocene

Paleomagnetic studies of the Miocene Series at Leg
80 sites have not been productive (Fig. 4). Owing to con-
densed sequences in some portions of this series, and to
high reversal frequencies and weakly magnetized sedi-
ments, no conclusive magnetic polarity reversal sequence
could be defined at Site 548. The highly condensed sec-
tion at Site 549 made it impossible to establish the
magnotostratigraphy. Unambiguous interpretation of Site
550 was not possible, because of poor recovery com-
bined with the high frequency of geomagnetic field re-
versals.

There was a dramatic decrease in both the size and
the diversity of nannofossils across the Oligocene/Mio-
cene boundary, indicating a drop in surface water tem-
perature at the onset of the Miocene. Diverse benthic fo-
raminiferal assemblages from the lower Miocene at Site
548 indicate deposition in a well-oxygenated, epibathyal
setting influenced by waters similar to the modern
North Atlantic Deep Water mass (Poag et al., this vol.).
Minor terrigenous sediment input, possibly the result of
sediment entrapment on the continental shelf, produced
condensed stratigraphic sequences at Leg 80 sites. Bol-
boforma, planktonic microfossils of unknown affinity
which may represent algal cysts (von Daniels and Spieg-
ler, 1974), first became conspicuous in the lower Mio-
cene at Site 550. Their previously recorded occurrences
(predominantly Miocene from the Antarctic, the Norwe-
gian-Greenland Sea, the Bay of Biscay, Rockall Bank,
Belgium, and Poland) indicate a preference for cold to
cool temperate waters (Miiller et al., this vol.). Marine
transgression characterized the early Miocene (Vail and
Hardenbol, 1979), and gradual warming coincided with
rising sea level.

Lower middle Miocene sediments at Site 548 accu-
mulated in an environment similar to that of the lower
Miocene, except that higher sea level provided more sta-
ble conditions (Poag et al., this vol.). Planktonic faunal
and floral assemblages suggest cooling, probably caused
by growth of Antarctic ice masses (Shackleton and Ken-
nett, 1975; Woodruff et al., 1981), during subsequent
portions of the middle Miocene. The influx of colder
water is marked at Site 550 by microfossil assemblages
composed of Bolboforma. Upper/middle Miocene hia-
tuses, present at all continuously cored Leg 80 sites, were
caused, in part, by vigorous bottom circulation. A ma-

1180

jor upsection decrease in the smectite/illite ratio at all
Goban Spur sites, together with quartz enrichment at
Site 548, may indicate increased intensity of bottom-wa-
ter circulation or perhaps a change to a cooler, more hu-
mid climate (Chennaux et al., this vol.). Detailed analy-
ses of the middle/upper Miocene hiatus at Site 548 re-
veal that middle Miocene sediments below the uncon-
formity were deposited in a well-oxygenated, relatively
cool and stable, epibathyal environment (Poag et al.,
this vol.). The hiatal interval (about 6 m.y.) corresponds
to a low sea-level stand (Vail and Hardenbol, 1979).
Basal upper Miocene sediments at Site 548 were de-
posited within an oxygen-minimum zone, characterized
by abundant and diverse bolivinids but low overall ben-
thic diversity, at epibathyal depths (Poag et al., this vol.).
Evidently, lowered sea level depressed the NADW-like
water mass that previously influenced this site, replacing
it with a water mass similar to the modern Mediterrane-
an Outflow Water. Benthic foraminiferal diversity in-
creased through the late Miocene as oxygen-enriched
waters again became established. Sea level remained rel-
atively low, and high sediment accumulation rates re-
sulted from turbidite deposition. Climatic oscillations,
evidenced by changes in the nannoflora, characterized
the latest Miocene. The periodic abundance of Bolbo-
forma, primarily at Site 550 but also at Site 549, is asso-
ciated with the destruction of foraminiferal tests caused
by large-scale fluctuations in dissolution rates. The high
percentages of windblown gymnosperm pollen types in
the middle and upper Miocene sections indicate deposi-
tion far from shore (Brown and Downie, this vol.).

Pliocene

The Pliocene sequence of polarity reversals recognized
at Site 548, although less well defined than the Pleisto-
cene reversals, probably represents magnetic Anomalies
2A to 3 (Fig. 4). At Site 550, where only the lower Plio-
cene was continuously cored, a series of short normal-
polarity intervals represents at least some portion of the
same sequence.

Lowermost Pliocene sediments (except at Site 549,
where the Pliocene is absent because of an unconformi-
ty) contain nannofossil and planktonic foraminiferal as-
semblages that indicate—in terms of both diversity and
species composition—warmer surface waters. The ef-
fects of dissolution were minimal in the earliest Plio-
cene, as evidenced by the excellent preservation at Site
550. Diverse benthic foraminiferal assemblages indicate
that early Pliocene bottom waters at Site 548 were oxy-
gen-enriched (Poag and Low, this vol.). An NADW-like
water mass appears to have been well established.

The disappearance of warm-water species (keeled glo-
borotaliids, Globigerinoides spp.), the increased abun-
dance of cold-water forms (Globigerina bulloides, Glo-
borotalia inflata), and reduced species diversity in
planktonic foraminiferal faunas indicate climatic deteri-
oration through the late Pliocene. The corresponding
disappearance of discoasters also indicates cooling. Ac-
cording to Poag and Low (this vol.), a sea-level fall
about 2.8 m.y. ago corresponds to the establishment of
an oxygen-minimum layer at Site 548. This event was
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marked by low overall benthic foraminiferal diversity,
the abundance and high diversity of bolivinids, and the
influx of terrigenous sediment. It corresponds rather
closely to the onset of glaciation in the northern hemi-
sphere some 2.8 to 2.5 m.y. ago (Berggren, 1972; Bizon
and Miiller, 1977; Backman, 1979). Some of the upper
Pliocene terrigenous detritus at Leg 80 sites contains
ice-rafted pebbles (Chennaux et al., this vol.). Shifting
water masses and climatic fluctuations, evidenced by al-
ternating floras and faunas, characterized the remainder
of the late Pliocene. Bottom conditions stabilized in the
latest Pliocene as sea level rose, and well-oxygenated wa-
ters returned (Poag et al., this vol.).

THE QUATERNARY

Pleistocene

Pleistocene sediments were cored at all four Leg 80
sites, but only at Sites 548 and 549 were significant thick-
nesses recovered; the mudline core was all that was
available from Sites 550 and 551. Samples from Site 548
were strongly magnetized, and interpretation of the sta-
ble component was unequivocal. The upper Pleistocene
section has a long normal-polarity interval down to 84
m sub-bottom. Below that are two normal-polarity in-
tervals representing the Jaramillo and Olduvai events.
The Pliocene/Pleistocene boundary, as identified using
nannofossils and planktonic foraminifers, lies near the
top of the Olduvai event. At Site 549 the Pleistocene
sediments, which unconformably overlie the Miocene at
27 m sub-bottom, are of normal polarity. Refer to Fig-
ure 4 during the following discussion.

Both the planktonic foraminiferal fauna and the nan-
noflora indicate climatic fluctuations during the Pleisto-
cene. Interglacial sediments have more diverse and flo-
ral assemblages, a higher percentage of temperate-water
species, a rarity of benthic foraminiferal specimens, and
only a minor amount of detrital material. Glacial sedi-
ments are characterized by sparser and less diverse plank-
tonic faunal and floral assemblages, predominant cold-
water species, benthic foraminiferal specimens (includ-
ing displaced forms) in greater relative abundance, and
detrital sediments. The nannofossil assemblages are rich
in reworked Cretaceous and Tertiary specimens. Climat-
ically controlled faunal, floral, and sedimentary alterna-
tions become more pronounced upward through the
Pleistocene section.

Among Leg 80 sites, the Pleistocene section at Site
548 is the thickest (101 m), most complete, and best suit-
ed for detailed study. The Pliocene/Pleistocene bound-
ary is difficult to define because of the absence of Dis-
coaster in the upper Pliocene section. Pujos (this vol.)
identifies the boundary within the Olduvai event, but
Pujol and Duprat (this vol.) fix it at the top of that
event. The short-lived stable environment established
during the latest Pliocene began to deteriorate as sea lev-
el dropped across the Pliocene/Pleistocene boundary
(Poag et al., this vol.). But regardless of its placement,
there is no marked biological event associated with this
boundary (Pujol and Duprat; Harland; both this vol-
ume).

Analyses of diverse microfossil groups at Site 548 all
point to the same general pattern: fairly uniform condi-
tions in the early to middle Pleistocene, followed by
strong fluctuations in the late Pleistocene. Nannofossils
(Pujos, this vol.), planktonic foraminifers (Pujol and
Duprat, this vol.), carbonate content, detrital quartz
content, benthic foraminifers (Caralp, this vol.), and di-
noflagellates (Harland, this vol.) all reflect a similar and
consistent pattern. The uniform lower to middle Pleisto-
cene interval and the interglacial intervals in the upper
Pleistocene are characterized by high carbonate content,
rich and diverse planktonic foraminiferal and nannofos-
sil assemblages, uniform dinoflagellate associations (in-
dicating warm temperate conditions), and moderately
diverse benthic foraminiferal faunas. Polar-front dis-
placements, caused by ice-volume buildups during gla-
cial episodes, resulted in high detrital quartz content,
sparser and less diverse planktonic foraminiferal and
nannofossil assemblages, less productive dinocyst asso-
ciations (indicating cold temperate conditions), and a
greater relative abundance of benthic foraminifers, in-
cluding numerous displaced forms (from epibathyal and
sublittoral environments). The abundance of benthic
relative to planktonic foraminifers in glacial sediments
is a result of preferential dissolution of the planktonic
forms. The patterns described in the foregoing are su-
perimposed upon more subtle trends involving general
cooling and reduced sediment accumulation rates dur-
ing the entire Pleistocene. The single most dramatic bio-
logic “event” corresponds to the onset of climatic dete-
rioration that characterized the late Pleistocene.

According to detailed planktonic foraminiferal zona-
tions (Pujol and Duprat, this vol.), nannofossil studies
(Pujos, this vol.), and magnetostratigraphy, the 27 m of
Pleistocene sediments at Site 549 correlate with the up-
permost 80 to 85 m of Pleistocene sediments at Site 548.
However, Pujol and Duprat note that a sudden litholog-
ic change between Cores 2 and 3, Hole 549A probably
indicates a sediment gap. Microfossil assemblages simi-
lar to those in the lower Pleistocene section at Site 548
are present at the bottom of Core 3 in Hole 549A (Har-
land; Caralp; both this vol.). The transition to marked
faunal variations, characteristic of the upper Pleisto-
cene at Site 548, occurs abruptly in the upper part of
Core 3, Hole 549A. The upper part of the section at Site
549 contains cyclical variations similar to those in the
uppermost unit at Site 548 (Pujol and Duprat, this vol.).

Faunal and floral alternations in the mudline cores of
Sites 550 and 551 may correspond to the uppermost sec-
tions at Sites 548 and 549, But the abbreviated intervals
available for study make such correlations conjectural.

Surficial Sediments

The Holocene(?) microfossil assemblages at all Leg
80 sites closely resemble those from interglacial episodes
of the upper Pleistocene. Planktonic foraminiferal and
nannofossil associations are moderately diverse, well pre-
served, and contain relatively high percentages of tem-
perate-water species. Assemblages of planktonic fora-
minifers are quite similar to the subarctic and transition-
al assemblages of the present biocoenosis (B¢, 1977).

1181



S. W. SNYDER ET AL.

Benthic foraminifers are well preserved but relatively
scarce, and faunas show little evidence of downslope
displacement.

SUMMARY

This section briefly summarizes events in chronologi-
cal order for each individual site. Credit has been given
to all contributors in the previous sections, so for brevi-
ty 'we omit such information here. Reference to Figure
1B will be helpful during the following discussion.

Site 548

At Site 548 upper Campanian sediments immediately
overlie a phosphatic calcareous hardground that encrusts
the Hercynian basement. Upper Campanian through
upper Maestrichtian foraminifer-nannofossil chalks were
deposited in an epibathyal environment. A hiatus that
spans the lowermost Paleocene interrupts this deposi-
tional sequence at the Cretaceous/Tertiary boundary.

The 1'to 2 m of foraminifer-nannofossil chalks repre-
senting the lower Paleocene accumulated in relatively
cool epibathyal environments with well-oxygenated and
relatively stable bottom conditions.

Above the unconformity that terminates the lower
Paleocene sequence, upper Paleocene through lower Eo-
cene marly nannofossil chalks were deposited in warm-
er, epibathyal waters. The bottom remained well oxy-
genated. A cooling trend began just before the episode
represented by the overlying middle Eocene hiatus.

Upper middle Eocene through lower Oligocene fora-
minifer-nannofossil chalk accumulated in cool temper-
ate waters at epibathyal to bathyal depths. Bottom con-
ditions remained well oxygenated, but sediments accu-
mulated in cooler water within slightly more offshore
environments than those reflected in the lower Eocene.

An upper Oligocene through lower middle Miocene
sedimentary sequence is separated from lower Oligocene
chalk by an unconformity across which temperatures be-
came slightly warmer. Fluctuating climatic conditions
gradually gave way to warmer, more uniform conditions
throughout the late Oligocene. Sediments accumulated
in a somewhat shallower, but still epibathyal setting.
Surface water temperatures dropped slightly across the
Oligocene/Miocene boundary, and the resulting cool,
well-oxygenated bottom conditions resembled those of
the modern NADW mass. A major unconformity trun-
cates the lower middle Miocene section.

A thick upper Miocene sequence of homogeneous
nannofossil chalk interbedded with turbiditic silty mud-
stone is interrupted by an unconformity in the lower
part of planktonic foraminiferal Zone N17. Upper Mio-
cene sediments below this unconformity accumulated in
cool, well-oxygenated waters at epibathyal depths.

The overlying uppermost Miocene through middle
Pliocene sequence is lithologically similar, but deposi-
tion immediately above the unconformity took place in
somewhat warmer waters. Because no significant
change in depositional depth is indicated, a warmer wa-
ter mass must have moved across the site, replacing the
cooler NADW-like mass that was present earlier. Climat-
ic fluctuations characterized the remainder of the Mio-
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cene, and oxygen-rich bottom waters were re-established
by its end. Warm surface waters characterized the ~arli-
est Pliocene; a cooler NADW-like mass continued to in-
fluence the bottom, however. Depths were still epibathy-
al to bathyal. A minor unconformity separates lower
and upper Pliocene sediments.

The upper Pliocene through upper Pleistocene depo-
sitional sequence consists of alternating marly calcare-
ous ooze and nannofossil ooze. The initiation of climat-
ic fluctuations and the influx of terrigenous sediments
marked the onset of Northern Hemisphere glaciation.
Mild fluctuations and relatively long periods of uniform
climate characterized the early Pleistocene, and were fol-
lowed by rapid climatic fluctuations in the late Pleisto-
cene. Qualitative changes in benthic foraminiferal as-
semblages indicate that the top of an NADW-like mass
fluctuated with the climate, moving back and forth
across Site 548 several times. A minor hiatus occurs in
the upper Pleistocene. Subsequent sediments accumu-
lated in fluctuating conditions until the modern MOW
mass became established.

Subsidence at Site 548 has been gradual; depths have
been epibathyal to bathyal since deposition was initiated
in the late Campanian. Some but not all of the hiatal in-
tervals correspond to major drops in sea level (Vail and
Hardenbol, 1979). But changing oceanographic condi-
tions were associated with nearly all unconformities, in-
dicating the movement of distinct water masses across
the site. Changing water masses and patterns of bottom-
water circulation, some linked to eustatic sea-level change
but others related to different causes, controlled the ero-
sional/depositional history at this site.

Site 549

Site 549 contains the only syn-rift sedimentary se-
quence cored during Leg 80. A 290-m sequence of upper
Hauterivian(?) and lower through basal upper Barremi-
an sediments unconformably overlies the Hercynian
basement. Each of the three lithologic units comprising
the Barremian contains a distinctive nannofloral and fo-
raminiferal assemblage. The succession of assemblages,
along with changes in organic matter and pollen types,
indicates a warm climate and progressive change from
shallow, brackish water to inner-shelf to outer-shelf or
upper-slope environments.

A 9.7-m red, sandy dolosparite with a complex histo-
ry of marine deposition, brackish- or fresh-water cemen-
tation, and subaerial diagenesis may represent a rem-
nant of Aptian deposition at Site 549.

Above the “breakup” unconformity (hiatus of about
9 m.y.), a thick (190-m) post-rift calcareous siltstone se-
quence represents the Albian. These sediments accumu-
lated in a middle to lower bathyal environment during a
period of mild climatic fluctuations.

Lying unconformably above the Albian is a sequence
of Cenomanian nannofossil chalk that was probably de-
posited in a bathyal environment. Extensive fragmenta-
tion and dissolution of microfossils were caused by dia-
genesis.

Above the unconformity that truncates the Cenoma-
nian is a condensed but  continuous Turonian through
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middle Maestrichtian section. A high sea-level stand may
have trapped sediment on the adjacent continental shelf
throughout most of this interval. The Turonian is repre-
sented by nannofossil chalks and black shales rich in or-
ganic matter. The widespread anoxic episode that corre-
lates with deposition of the shales was anomalous with-
in the well-oxygenated environments that characterized
the remainder of the Late Cretaceous. Poor preservation
hinders detailed biostratigraphic and environmental in-
terpretations of the Santonian/Coniacian section, but
better-preserved assemblages in the Campanian and
lower Maestrichtian suggest deposition in a bathyal en-
vironment.

A thin upper Maestrichtian section of nannofossil
chalk is bounded both above and below by unconformi-
ties. Well-preserved microfossil assemblages indicate de-
position in an environment similar to that of the early
Maestrichtian.

Above the basal Paleocene unconformity, lower Paleo-
cene nannofossil chalks accumulated in relatively cool,
epibathyal to bathyal waters.

Lying unconformably above is a thick sequence of
upper Paleocene through Oligocene marly nannofossil
chalk and nannofossil chalk. Most of this section (206
m) lies within the Eocene. Two unconformities, both of
very limited duration, have been tentatively identified
within the Eocene; otherwise, deposition appears to have
been continuous. Late Paleocene surface waters were
warmer than those of the early Paleocene. Relatively
warm surface waters continued into the early Eocene;
middle Eocene deposits accumulated in cool temperate
waters at bathyal depths. Gradual cooling of surface
waters continued during the late Eocene. Major faunal
and floral changes were gradual, and there is no evi-
dence of a traumatic terminal Eocene event. In the early
Oligocene, a rapid cooling event, marked by benthic
faunal changes, signalled the introduction of colder,
more vigorously circulating bottom water from a north-
ern source. A coincident but less pronounced cooling of
surface waters took place. A middle Oligocene uncon-
formity interrupts the sequence.

A condensed upper Oligocene sequence is bounded
above and below by unconformities. The homogeneous
nannofossil chalks of this section also accumulated in a
bathyal environment, but water temperatures were warm-
er that those of the early Oligocene.

Two biostratigraphically distinct depositional sequenc-
es, both nannofossil chalk and both bounded by uncon-
formities, comprise the condensed Miocene section. In-
dications of climatic fluctuations characterize these sed-
iments. The hiatal interval that followed Miocene
deposition accounts for the entire Pliocene and the
lower Pleistocene.

The condensed Quaternary section of marly calcare-
ous nannofossil ooze and foraminiferal ooze accumu-
lated in a bathyal environment that remained largely
within an NADW-like mass. This site was evidently far
enough down the continental slope so that bottom con-
ditions were not affected by Pleistocene climatic fluctu-
ations. Planktonic microfossil assemblages do, however,
reflect some of the alternations noted at Site 548.

The sedimentary and paleontological record at Site
549 includes the initial rifting episode in this part of the
North Atlantic. As at Site 548, not all of the subsequent
hiatal intervals correspond to low sea-level stands on
published curves. Certainly, bottom-circulation patterns
along this evolving continental margin were of prime
importance in determining depositional history.

Site 550

At Site 550 the basalt flows and pillows of the base-
ment are directly overlain by Albian carbonates (alter-
nating bioturbated and laminated calcareous mudstones)
deposited in a lower bathyal to abyssal environment. Ly-
ing conformably above is a lower Cenomanian section
of similar lithology, deposited in generally well oxygen-
ated conditions. However, several layers of laminated
black shale indicate periodic anoxic conditions, and dis-
crete horizons of dissolution reflect irregular intensities
of diagenetic alteration. An unconformity truncates this
sequence.

Dark clays interbedded with white chalks grade up-
ward into dark claystone in the overlying Santonian/Co-
niacian section. Nannofossils are absent in the lower
part, probably owing to deposition below the carbonate
compensation depth. Foraminiferal assemblages were
used to interpret the contact with underlying Cenoma-
nian deposits.

Above the Santonian/Coniacian lies a condensed se-
quence of Campanian through lowermost Paleocene
nannofossil and marly nannofossil chalks interbedded
with calcareous mudflows and turbidites. The Campani-
an part of the sequence was probably deposited below
the carbonate compensation depth. Consequently, the
nature of the contact with underlying Santonian/Conia-
cian claystones is difficult to determine. It may be un-
conformable, but if so, the duration of the hiatus is un-
known. The continuous, relatively thick, largely turbi-
ditic Maestrichtian sequence was deposited in an abyssal
environment, as indicated by well-preserved microfossil
assemblages. The Cretaceous/Tertiary boundary at this
site appears to be conformable.

A 20-m section of lower Paleocene marly nannofossil
chalk is bounded above by an unconformity. Calcareous
microfossils from several horizons have been subjected
to severe dissolution.

Except for indications of an episode of dissolution
during the late Paleocene, preservation is much better in
the overlying upper Paleocene through lower Eocene se-
quence, in which marly nannofossil chalk grades upward
into siliceous nannofossil chalk and mudstone. Diverse
planktonic microfossil assemblages (calcareous and sili-
ceous) indicate relatively warm surface waters.

Microfossil assemblages in the uppermost Eocene sec-
tion—which is condensed and incomplete because of
unconformities above and below—indicate the estab-
lishment of cold-water circulation. The overlying upper
Oligocene is also condensed, incomplete, and character-
ized by extensive dissolution. It is, in turn, unconform-
ably overlain by a thick lower and middle Miocene se-
quence of marly nannofossil chalks and interbedded
turbidites. Bolboforma first becomes conspicuous in the
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lower Miocene, indicating the continued influence of
cold temperate surface waters. Cold-water conditions
persisted through the middle Miocene. The upper Mio-
cene hiatus, also recognized at other Leg 80 sites, was
probably caused by vigorous bottom-water circulation.
Uppermost Miocene through middle Pliocene marly
nannofossil chalks lie above the unconformity. The late
Miocene was a time of climatic fluctuations, whereas
planktonic microfossils dating from the early Pliocene
indicate warmer surface waters. The upper part of the
Pliocene and most of the Pleistocene were not cored.
Latest Pleistocene climatic fluctuations are evident in
the mudline core. At least three distinct climatic episodes
(one glacial between two interglacial) can be recognized.
Many of the same hiatal intervals recognized at Sites
548 and 549 are recorded at Site 550. Timing of these
events among the sites was not exactly synchronous, but
Paleocene, middle Eocene, middle Oligocene, and late
middle Miocene episodes of erosion or nondeposition
were widespread. Site 550 has been situated at abyssal
-depths since the initiation of marine deposition in the
late Albian. Fluctuations in the carbonate compensa-
tion depth and in depositional/erosional history reflect
changes in water-mass characteristics and in bottom-wa-
ter circulation.

Site 551

A Cenomanian through lower Turonian sedimentary
sequence lies on basalt flows and pillows at Site 551. Ce-
nomanian nannofossil chalk and siliceous mudstone are
characterized by extensive fragmentation and dissolu-
tion of both carbonate and siliceous microfossils. Black
organic shales of the Turonian record an anoxic event al-
so noted at Site 549. A major unconformity (hiatus of
about 20 m.y.) truncates this sequence.

The overlying upper Campanian through middle Mae-
strichtian is composed of mottled calcareous ooze and
chalk. Well-preserved microfossil assemblages indicate
deposition in a bathyal environment.

A very thin (2-cm) layer of upper Paleocene sedi-
ments rests unconformably on the Maestrichtian. Above
lies a condensed lower to lower middle Eocene sequence
of calcareous mudstone, but it was not continuously
cored. Detailed information on younger deposits is not
available, owing to lack of sampling.

Composite

A composite section based on all four Leg 80 sites
produces a nearly complete stratigraphic record of both
syn-rift and post-rift sequences in the vicinity of Goban
Spur. Portions of the section that are missing or con-
densed at one site are often well represented at another
site. There are, however, several regional unconformities
that mark widespread episodes of erosion or nondeposi-
tion.

The oldest deposits above basement rocks are Barre-
mian. Lower Barremian mudstones accumulated in a
shallow, marginal-marine, brackish-water environment.
Grainstones from the middle part of this thick syn-rift
sequence accumulated in an inner-shelf environment
with more normal marine influence. Upper Barremian
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calcareous sandstones were deposited in an outer-shelf,
possibly upper-slope, environment.

Definite Aptian sediments were not encountered at
any of the Leg 80 sites, but 9.7 m of sandy dolosparite
at Site 549 may be a remnant of Aptian strata. The old-
est post-basement sediments at other sites are considera-
bly younger. Apparent irregularities in the thickness, dis-
tribution, and completeness of Cretaceous sequences at
Leg 80 sites are caused by variations in their position:
(1) along the margin of an incipient oceanic basin, (2)
within their respective half-grabens. Sedimentary se-
quences are thicker and more complete near the axes of
these small depositional basins.

Post-rift Albian mudstones and siltstones offer the
first evidence for a developing deep-water seaway in this
region. Site 549 had subsided to bathyal depths during
their deposition, and Site 550 was at lower bathyal to
abyssal depths.

Cenomanian middle to lower bathyal chalks and mud-
stones (Sites 549 and 551) are characterized by extensive
dissolution throughout. Variably preserved abyssal de-
posits (Site 550) record alternate oxic and anoxic condi-
tions.

Turonian sediments (Sites 549 and 551) consist in
part of a condensed black shale sequence. The anoxic
conditions associated with these bathyal deposits were
anomalous but widespread within the well-oxygenated
conditions that characterized the remainder of the Late
Cretaceous. .

Poor preservation characterizes assemblages from San-
tonian/Coniacian chalks and claystones. Dissolution
was extensive at bathyal (Site 549) and abyssal (Site 550)
depths.

Although lower Campanian chalks and turbidites at
abyssal depths (Site 550) were subjected to dissolution,
Campanian chalks at all other sites contain well-preser-
ved microfossil assemblages indicating deposition in
bathyal environments. The latest Campanian and Maes-
trichtian interval marked the first time that marine sedi-
ments were uniformly and widely distributed across the
entire Goban Spur region. Growth of the Atlantic basin,
coupled with infilling of the half-grabens, had evidently
served to stabilize environmental conditions. Gradual
subsidence of the margin and adjacent crust since Albi-
an time produced the water depths of the Holocene (Site
548, epibathyal; Site 549, bathyal; Site 550, abyssal; Site
551, lower bathyal).

Because changes in depth were gradual during the
Tertiary, climatic changes became more conspicuous.
Lower Paleocene chalk accumulated in cool, well-oxy-
genated bottom water. A widespread middle Paleocene
hiatus interrupts the sequence at all sites. Upper Paleo-
cene marly chalk, mudstone, and turbidites were depos-
ited in warmer waters. Bottom conditions remained well
oxygenated.

Relatively warm surface-water conditions continued
into the early Eocene, but a major cooling trend began
in the middle Eocene. Except at Site 549, the middle Eo-
cene section is partially absent because of an unconfor-
mity, and cool temperate assemblages appear abruptly
above the unconformable surface. The more complete
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section at Site 549 documents gradual cooling of surface
and bottom waters throughout the middle and particu-
larly during the late Eocene.

The cooling trend intensified during the early Oligo-
cene. Cold, vigorously circulating bottom waters from a
northern source were introduced into the region. A wide-
spread middle Oligocene hiatus, probably associated
with changing circulation patterns, separates these cold-
water marly chalks from upper Oligocene chalks depos-
ited in warmer, mildly oscillating conditions. Evidence
of these events was largely destroyed by dissolution at
Site 550.

Evidence of climatic fluctuations characterizes Mio-
cene chalks and turbiditic mudstones. Early Miocene
bottom waters remained well oxygenated but became
cooler, resembling the modern NADW mass. A wide-
spread unconformity, most likely caused by vigorous
bottom-water circulation, marks the middle Miocene.
Warmer waters of the late Miocene corresponded to the
establishment of an oxygen-minimum zone at Site 548
(similar to the modern MOW mass). Re-establishment
of the cooler NADW-like mass followed rather quickly.

Surface waters warmed considerably during the early
Pliocene, but a cool, NADW-like mass continued to in-
fluence the bottom. Upper Pliocene sediments and as-
semblages indicate mildly fluctuating, generally cooler
climatic conditions. The initiation of glacial activity was
marked by the influx of terrigenous sediments. An oxy-
gen-minimum zone existed at Site 548 just before the
initial glacial influence; the MOW-like mass was quickly
replaced by a cooler, NADW-like mass.

Relatively mild and gradual climatic fluctuations con-
tinued into the early Pleistocene. The upper Pleistocene
section is marked by the onset of rapid, more severe
fluctuations. The upper boundary of an NADW-like
mass repeatedly moved back and forth across Site 548;
deeper-water sites remained under the influence of an
NADW-like mass.

Surficial sediments and assemblages resemble those
of interglacial Pleistocene deposits. Site 548 is presently
influenced by the MOW mass; other sites are covered by
the NADW mass.
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