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ABSTR ACT 

- The evolution of the sedimentary rcgime that prevailcd on the 
Armorican margin from Late Cretaceous to late Tertiary is herein 
discussed and interpreted. The scdimeniation budget of tour componcnts 
of the sediment: calcium carhonate, quartz, "less than 10 piii non 
carbonate material," and biogenic silica are quantified as is the coniposi- 
tion of the coarse fraction and the textural properties of the sedimcnt. 
Variation of the coarse fraction components is directly rclatcd t r i  changc 
in the oceanic environment (terrigenous supplies. productivity, calcium 
carbonate dissolution). Sediment texture is a function of many factors, 
comprising Iithology, dissolution action. and hydrodynamic çontrol. 'l'hc 
medians of the silt fractions from bulk and decalcificd sediments arc uscd 
as indicators of variations of the hottom current intensity avcragcd ovcr 
long periods (n x 10" to n X 10.' yr) of time. From the study the following 
aspects of the evolution of the sedimentary regime are characterir.cd: 

1 )  establishment of an active bottom current circulation durinp the 
early Eocene, concomitant with a clear thermal stratification ot the watcr 
masses; 

2) development of a highly fluctuating bottriiii current rcpiiiic during 
the Oligocene, spicule-rich "contourites" bcing iiiiplacccl during pci-iocls 
of active bottom currents: 

3) changes in the sedimentary regimc at the c;irly-niiddle Miocctic 
boundary characterized by decreasing bottoiii curreiit and incrcusiiig 
sedimentation rates: 

4) active bottom current. decreasing dissolution and marked incrcasc 
of the sedirnentation rates in the early Pliocene. that contributed 10 active 
building of a sedimentary ridgc at the foot of the margin: 

5 )  it appears that the lowermost Upper Cretaceous hiatus and thc upper 
Eocene hiatus are related to changes in the physiographic (and 
hydrologie?) environment at an oceanic rather than regional scale. - 

INTRODUCTION ANALYTICAL IIHOCEDIIRES 

An attempt is made within this paper to interpret the 
evolution of  the sedimentary regime that prevailed on the 
Armorican margin (Figure 1) from Late Cretaceous t o  
Quaternary time. For that purpose, new methodologies have 
been used t o  quantify the  sedimentation rates of four 
components of the sediment (calcium carbonate, quartz, 
"less than 1 0  prn non-carbonate material," and biogenic 
silica), to interpret the nature of sedimentary regime through 
visual examination and quantitative study of the coarse 
fraction of the sediment and to infer possible fluctuations of 
the bottom current regime from textural study of the silt 
fractions. Analytical procedures are described and  the 
sedimentary sections a t  Sites 402,  4 0 1 ,  and  4 0 0  a re  
interpreted and,  finally, the sedimentary evolution of the 
margin is considered. 

'Contribution 599 du Département Scientifique, Centre Océanologique 
de Bretagne. 

Ceneral Procedures 

Samples of 5 to 10 cm:' of sediment were taken frorn 
cores on board R/V Glomcrr C h u l l e n ~ ~ r ,  with particular 
attention being paid to  sedimentary structures that bore 
evidence of possible current actions. Following visual 
examination of the sample under the binocular microscope. 
the samples were split longitudinally into two parts, one 
being kept as archive. Smear slides and sedinicnt color 
evaluation were made on  the second half, which was thcn 
dried at about 60°C in an oven. The dried sarnple was again 
split into two parts. One  was wet-sieved through a 63-piil  
mesh. The coarse fraction was dried. weighed. and sicvcd 
(when it exceeded 1% of the total sample). T h e  suspetihion 
containing the f iner  ( less  than 6 3  p m )  part ic les  was 
evaporated and size distribution analysis wüs made of ihc 
residue. The other half was crushed in an agate mortar, and 
0 . 2 5 0 g  examined for calcium carbonate contcni (Bernard 
calcimeter); 0 . 2 0 0 g  was used for X-ray diffraction analyses 
with an NaF interna1 standard. 
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Figure 1. Bathymetric chart of the Armorimn and Celtic margins with Upper Cretaceous condensated section. 

Coarse Fraction Study 

The sediment fraction coarser than 63 p m  was separated 
by dry sieving into five classes; 63- 125 p m ,  very fine sand; 
125-250 p m ,  fine sand; 250-500 prn,  medium sand; 
500- 1000 p m ,  coarse sand; > 1000 P m ,  very coarse sand. 
Quantitative evaluations of the different components (Table 
1 )  were then made on the reconstituted samples, by 
counting approximately 500 grains that had been separated 
with a microsplitter. From these counts the different 
percentages were computed. The planktonic foraminiferl 
benthic foraminifer (PFIBF) ratio was calculated and the 
state of preservation of the calcareous biogenic components 
(principally foraminifer) estimated. 

Kagami, this volume); and hydrodynamic control (Hollister 
and Heezen, 1972; Ellwood and Ledbetter. 1977). Textural 
variation of the silt fraction is assumed to bc a useful 
indicator of bottom current intensity fluctuation, averaged 
over a long period (n x I o  to n x 10:' yr). 

To distinguish between possible hydrodynamic and 
lithological control of the texture. the average of the median 
from bulk and decalcified samples, over given stratigraphie 
intervals was calculated. The correlation coefficient 

Micrograin Size Distribution Analyses 
1 oxy = - 1 

(Cx.y. - - Zxi xyi)] 
n - 1  1 1  n 

Particle grain size distribution analyses were performed 
with an electronic particle counter (Coulter counter TA 
type), the measured particle dimension being the volume 
diameter, that is, the diameter of a sphere of equivalent 
volume. The range of dimensions lay- between 1.7 to 56 
p m .  but the texture of the silt fraction (8-56 p m )  in 
particular was emphasized. 

For study of the <63 p m  fraction. 9 cm3 were sampled 
from the suspension while it was submitted to mechanical 
agitation; dilution in about 250 cmz3 of water fo!lowed. Fifty 
cm3 of the diluted suspension was then mixed with 150 c d  
of filtered sea water, the entire procedure being repeated 
three times. The same procedure was done on the 
decalcified sediments. Nine cm3 of the suspension were 
treated with HCI (30%). After reaction, the sample was 
washed and centrifuged three times with distillated water. 
At the end of the washing, p H  values were about 7 to 8 .  

Sediment texture is a function of many factors, including 
lithological composition (Lisitzin, 1972); syn- and post- 
depositional transformations (Berger, 1974; Calvert, 1974; 

between these two values was then determined. Simultane- 
ous increase of the median from the bulk and decalcified silt 
fractions of the sediment is, according to our hypothesis, 
suggestive of an increasing intensity of the bottom current. 
Increasing value of the correlation coefficient is also indica- 
tive of the pre-eminence of dynamic control on the particle 
size distribution, the intluence of the lithology andior dis- 
solution action being subordinate. 

The 25-pm rnedian value is situated approximately at 
mid-point between 1.6 and 57 p m  on the logarithmic scale. 
It corresponds thus to Rivière's (1952) "logarithmic 
facies." Lower rnedian values would indicate deposition 
through lack of competency, whereas higher median values 
suggest that the finer silt grade had either never been 
deposited or had been later eroded. An important criticism 
can be made to this approach, insofar as sedimentary 
processes of transport and sedimentation are concerned, 
which is that the particle dimension of equivalent settling 
velocity should be considered. It has been already shown 
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TABLE 1 
Components of the Coarse Fraction 

Terrigenous Components Authigenic Components Biogenic Calcareous Biogenic Siliceous Miscellaneous Biogenic 
Components Components Components 

Angular quartz Glauconite (Plankton) Radiolarians Plants 
Rounded quartz Pyrite 1:oraminifers. p tero- Diatoms Fish 
Reddish quartz Manganiferous oxide pods, ostracodes Sponge spicules Others 
Mica (benthos) 
Other minerals Foraminifers 
Rock fragments Echinoids 
Muddy aggregates Ostracodes 

Bryozoa 
Gastropods 
Corals 
Bivalves 
Unspecified carbonates 
Miscellaneous 

(Berthois and Auffret, 1965) that settling velocities of 
quartz and mica of the same volume diameter in the range of 
10 to 40 p m  differ by a factor between 3 and 7.  Particle size 
distributions derived from settling velocities would certainiy 
give different mean size parameters, but by taking into 
account settling velocities, the percentage of the coarser silt 
should be reduced inasmuch as their settling velocity could 
be lower than that of the sphere of same volume diameter. 
Particles of small volume, unless aggregated, would not 
have higher settling velocities, hence Our results, if 
compared to particle size distribution derived from settling 
velocities, would lead probably to overestimation of the 
coarser grade percentage and hence current intensity. 

Accuracy of Textural Data 

In order to evaluate the accuracy of the estimated values 
of the median, 30 measurements were made on two 
samples, repeating each of the steps of the analytical 
procedures following wet sieving of the sediment. The first 
sample gave an average of 2 1 p m  and <rp = 2 p m  

the second, an average of 3 1 p m  and <rp = 3.9 p m  . Because 
we performed three measurements on each sample (two for 
the residual fraction). we estimated that the ? 2 s m  
confidence intervals (95% probability) are, respectively. 
about 2 and 5 p m  in the first case and 3 to 6 p m  in the 
second case. 

Lithology 

AI1 available lithological data, shipboard carbonate 
content measurements, X-ray and carbon-carbonate 
shore-based routine analyses, and Our own results (CaC0:i 
content, quartz content from X-ray analysis) have been 
processed-using a Hewlett-Packard computer, allowing us 
to draw synthetic lithological logs. The lithological 
composition of Our samples was evaluated through the 
following procedure (Table 2). 

The curve of the carbonate content is first drawn from 
which we interpolate the foraminifers, nannofossils, and 
unspecified carbonate contents curves, using only Our 

results. Results from shipboard smear-slide examination 
were used only for checking. We interpolated the quartz 
content in the interval between Our results (semiquantitative 
evaluation with NaF interna1 standard) and results from 
X-ray routine analysis (mineralogical results from 
SNEA-Pau, this volume). The curve for the clay (plus other 
< 10 p m  non-carbonate debris) is interpolated fiom our 
results. Siliceous biogenic components make up generally 
the complement to 100 per cent (this value is checked 
through smear-slide estimation) although a residual (under 
5%) of unspecified material remained undetermined. 

Partial Sedimentation Rates 
Lithologic composition alone does not permit interpreta- 

tion of the sedimentary sequence in terms of the sedimenta- 
tion budget (Lisitzin, 1972) and we have used sedimentation 
rates (sec Site Chapters, this volume) to estimate partial 
rates for each component. 

SITE 402 (Figures 2 and 3, Tables 3A, 3B, 3C, 6, 
Appendix A) 

Two sub-units of Cenozoic to Quaternary age are present: 
Sub-unit 18 ( 175-89.5 m) consisting of upper Eocene marly 
nannofossil chalk to siliceous marly nannofossil chalk, and 
Sub-unit 1A (89.5 m to sea bottom), which is upper ( ? )  

Pleistocene marly foraminifer nannofossil ooze and 
calcareous mud. 

Sub-Unit IB (Hole 402, Core 5; Hole 402A, Cores 1 to 4) 

The sediment of Sub-unit 1B accumulated at the rate of 
1 .2  cm/1000 yr.  From bottom to top ,  carbonate 
accumulation rates increased with a slight concomitant 
decrease of the siliceous and terrigenous components. 

The median of the bulk silt fraction of the upper Eocene 
samples ranges from 21 to 24  p m  Medians of the 
decalcified silt fraction are also low, averaging 18 pm.  The 
lowermost upper Eocene is characterized by higher median 
values. This probably relates to a dynamic control, but the 
low value of the correlation coefficient (0.06) suggests that 
a dominantly weak bottom current regime prevailed during 
the late Eocene at Site 402. 

The composition of the coarse fraction (Figure 3) of the 
upper Eocene samples indicates that most of the carbonate 
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TABLE 2 
Anaivticai Procedures for  Litholaical  Studv 

Percentage Methods 

Unspecified 
carbonate 
Quartz 
Clay + others 

Siiiceous 
organic 

Smear slide (visual estimate) 
Smear slide (visual examination) checked by the 
percentage of finer than 10 pm carbonate component 
evaluated with the Coulter counter 
Carbonate content minus (foraminifers + nannofossils) 

X-ray diffraction - NaI; interna1 standard 
? finer than 10 pm of the decaicified sample evalua- 
tcd with Coulter counter 
Smear slide and ( 100% - othcr components) 

component derived from in-situ pelagic sedimentation, but 
the abundant siliceous fraction is essentially of a benthic 
origin (except for the lowermost part of the section where 
radiolarians are abundant). The values of planktonic and 
benthic foraminifers versus unspecified carbonates ratio 
decrease in the upper part of the section. Because the 
foraminifer frequency does not change, it implies that the 
frequency of unspecified carbonates increased at  the 
expense of planktonic foraminifers, thus pointing to 
possible dissolution. 

Two intervals are noteworthy. The bottom of the sub-unit 
(Cores 4 and 3) is characterized by a relatively active 
bottom current regime, abundant interbedded pebbles of 

Figure 2. Stratigraphie evolution: sea-jkor spreading episodes in different areas of the North Atlantic have been indicated by 
a continuous line while the rifting episode is fiqured by dotted line. Partial sedimentation rates (mm/1000 yr): continuous 
line: Site 400. Dotted line: Site 401. Points and dots: Site 402; sea-level fluctuation after Güssov (1976). Level O corre- 
sponds to the average depth of the present-day shelf break. 
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shallow water origin, abundant radiolarians in the coarse 
fraction. and reduced dissolution of the planktonic 
foraminifers, al1 of which suggest deposition in a relatively 
shallow area. At the top of the sub-unit the opposite is 
observed. Therein are laminations (that could be the 
consequence of less biolugical reworking). lower medians 
of the decalcified silt fractions, fewer radiolarians, and 
traces of dissolution a n  the planktonic foraminifers. These 
observations point ta an increase in the water depth. 

Shipboard studies produced two interpretations of the 
paleoenvironment based on benthic foraminifer 
assemblages. The first assumes that the shallow water 
assemblage is autochthonous, and a deposition depth 

ranging from 200 to 500 meters. The second assumes that 
the fauna was reworked, leading to a water depth ranging 
from 1000 to 1500 meters. Nannofossil assemblages 
indicate a neritic environment, although they may also have 
been displaced into deep water. Because a water ciepth of 
200 to 500 meters would probably have been amenable to 
other organisms, such as mollusks, bryozoans. etc., and 
because these are almost absent, we favor a water depth of 
at least 500 to 1000 meters during the earliest late Eocene. 

Debrabant et al. (this volume) point to the singularity of 
Site 402 relative to Sites 401 and 4 0 0  in that the 
mineralogical assemblage at Site 402 has rare zeolites and 
fibrous clay and, geochemically, there is less manganese. 
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Figure 2. (Continued). 
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The slight increase in rnanganese in the uppermost Eocene 
portion of the section is in good agreement with ü deepening 
of the site at that tirne. However, according to Ducasse and 
Peypouquet (this volume) the ostracode assemblages 
indicate a constant water depth on the order of 2000 rneters. 
Our conclusions are that the evolution of the sedimentation 
regirne at Site 402 during the late Eocene was the following: 

1 )  during earliest Eocene,  deposition of highly 
terrigenous sediment (rnarked influence of nearby emerged 
land masses) in a high productivity environment took place 
in water depths of approximately 1000 to 1500 rneters; 

2 )  in late Eocene less terrigenous sediment was 
deposited in substantially deeper waters, wherein there was 
increasing calcium carbonate dissolution and more 
manganese. 

Sub-Unit 1A 
Sediment of Sub-unit I A is dominantly upper Pleistocene 

homogeneous calcareous mud or rnarly ooze of grayish 
olive ( IOY412) to light olive-gray ( 5  Y 5/2). Sediinentary 
structures include graded heds (Sample 2-1, 70-100 cm), 
terrigenous-rich gritty lamination!, associated with graded 
bedding and color changes (Sample 3- 1 ,  100-150 cm, Plate 
1 ) .  Manganese-coated ice-rafted gravels are present 
throughout. 

These sedirnents were deposited in a canyon, where 
active reworking probably took place. Although poor corc 
recovery does not permit conclusions to be drawn on the 
change that may have altered thc sedinlentary regime during 
the course of the Quaternary. a detailed study of \orne of the 
gritty layers pre5ent at the top of the unit was made. 
Samples 402- 1 - 1 .  30-32 cm and 402- 1 - 1, 35-37 cm belong 
to an interval of gritty laminae, above a possible slumped 
bed (Saniple 1-1, 40-80 cm).  The upper one, sampled 
immediately above a gritty lamina, is a grayish olive 
(10Y412) homogeneous calcareous mud. The lower is a 
light olive-gray (5Y512) calcareous mud, belonging to a 
gritty layer that is characterized by sharp upper and lower 
boundaries. The com~osition of itscoarse fraction indicates 
sirnultaneous occurrence of pelagic foraminifers and 
terrigenous cornponent (iron-coated quartz). The rnedian of 
the silt fraction5 are. re4pectively. 33 and 32 p m  for the 
bulk sarnple and 25 and 30 prn for the decalcified sediment. 
These values indicate possible hydrodynarnic sorting. It 
appears also that the coarser levels result from a 
concentration of coarse non-carbonate debris, either through 
non-deposition or erosion of the clay and fine silt grade. It is 
thus probable that bottom currents, perhaps of tidal origin, 
were iiivolved in the genesis of this coarser gritty lamina. 

SITE 401 (Figure 2, Tables 4A, 4B, 4C, 6, Appendix B) 

Unit 3 

Sub-Unit 3C and Sub-Unit 3B (Cores 18 to 13, lower portion) 

Upper Cretaceous (Campanian and Maestrichtian) 10 
Paleocene calcareous chalk constitute this unit. These 
sediments overlie a 5-cm-thick layer of Aptian shallow 
water ( ( 5 0 0  rn) chalk. Sample 19-1, 118-120 cm, which 
contains siderite, was sampled immediately above the 
chalk. The coarse fraction (43%) comprises 5 per cent 
planktonic foraminifers and 2 per cent benthic foraminifers. 
Also in this fraction are manganese oxides, pyrite. limonite, 
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TABLE 3A 
Lithology, Holes 4021402A 

Accumulation 
Sample Rate (mm/1000 

(Interval in cm) Unit yr) Age Name Color Code Striictiirc 

Hole 402  

Quaternary 
Quaternary 

Quaternary 

Quatcrnary 

Quaternary 

Latc F,ocenc 

Latc lioccnc 

La te I.:occnc 

Late lioccne 

('alcareous miid 
Calearevus mud 

Marly foraminiferal 
ooze 
Marly nannofossil- 
foraminiferal ooze 
Marly nannofossil- 
foraminiferal ooze 
Siliceous nannofossil 
chalk 
Siliceous marly nanno- 
fossil chalk 
Siliceous nannofossil 
chalk 
Siliccous nannofossil 
clial k 

14. 27-30 1 B 12 Late 1:occnc Siliccous nannoli>ssil 
cl1alk 

1 4 ,  33-37 1 1% 12 Latc lioccnc Silicçous nünnofo\sil 
clialk 

1'4,122-127 I B 12 katc loccnc  Siliccous nannoli>ssil 
clial k 

3-2. 147-149 I B 12  te ~;occnc  Siliceous nannofossil 
clialk 

3 4 ,  20-21 1 B 12 Latc liocenc Sil. niarly natinofossil 
chalk 

4-1.78-79 I H 12 Latc Eocene Sil. tnarly nannofossil 
chalk 

4-2, 16-19 1 B 12 Latc 1:ocetic Sil. nannofnsail 
clialk 

4-3. 13- 17 I H 12 Latc l<ocenc Sil. tiiarly nannofosd 
clialk 

and lithoclasts of older ochrous marly limestones. The 
medians of the silt fractions are 17 and 19 p m ,  respectively, 
suggesting prevailing low-energy bottom currents. The 
coarse fraction of the only Maestrichtian sample studied is 
rich in planktonic foraminifers (84%) and contains traces of 
manganese. 

The grayish orange (10  YR 714) lower Paleocene 
nannofossil chalk constitutes an interval 4 meters thick. The 
sediment is slightly mottled, with evidence of slumped 
beds: laminations are also present. It is separated from the 
upper Paleocene by a 2.6-m.y. hiatus. The sedimentation 
rate has not been estimated, but is probably low. The upper 
Paleocene grayish orange calcareous chalk displays various 
sedimentary structures such as zones characterized by 
laminations or grading, alternating with homogeneous 
intervals. Microfaulting is also common. The sedimentation. 
rate is low, about 0.5 cm11000 yr. 

Sub-unit 3B comprises slightly mottled dark yellowish 
brown (10 YR 412) to grayish orange (10 YR 714) upper 
Paleocene to lower Eocene marly calcareous chalk that 
accumulated at the rate of 0.5 crn/1000 yr. Coarse fraction 
observations (Figure 4) suggest that the sedimentary regime , 

r e m i n e d  relatively stable during the course of the 

Gray idi olive 
Ligh t olivc-gray 

Ligli t olive-gray 

Ligli t olive-gray 

Liglit olivc-gray 

Liplit preenisli 
gray 
I.iglit grccnisli 
gray 
Ligli t grcenisli 
gray 
I.ipIi t grccnisli 
gray 

Hotnogcneous 
('oarsc Icvcl, I cni tliick. 
sharp Iitnits 
Gradcd intcrv;il, sliarp 
contact 
<;radcd intcrval. gradii- 
tional contact 
lnvcrscly gradcd 

Laycrcd (orientcd spi- 
c11lcs) 
Lnycred (orientcd spi- 
cules) 
Layercd (orietitcd spi- 
(ciiles) 
Layercd (orientrd <pi- 
(ciiles) 

Lipli t ~rccriisli 5 <;Y X/ 1 Laycrcd ( oricnted spi- 
gLly cilles) 
I.ipliI grecnisli 5 GY XII Larriination aiid sortiiig 
gray ot Iieavy niincralr. 
L i~ l i t  grcenisli 5 <;Y K /  I L~ininat ion 
gray 
Li$ t grccnisli 5 <;Y 81 I Laycrcd: incliides a 
gray millinieter/laiiiin;ic 

tliick 
Lidit grcenisli 5 <;Y 811 kiomogcncous, bioturb. :' 
gray 
Liglit grccnisli 5 (;Y 811 Hioturbatcd ? 
gray 
I.iglit grcenisli 5 <;Y 811 Hiot~irbnted 
gray 
Liglit grccnisli 5 <;Y 811 Iiomogcncoiis 
clialk 

Paleocene. They are comprised dominantly planktonic 
foraminifers (63 to 978 ) .  Benthic foraminifers reach only 
1.3 per cent, but some ostracodes are present and the 
terrigenous components increase upwards. The planktonic 
versus benthic foraminifer ratio remains stable and suggests 
low dissolution. Two samples are characterized by a 
siliceous component, comprising radiolarians and sponge 
spicules. 

Average median of the silt fractions for the bulk sediment 
and the decalcified sediments are 28 p m  and 19 p m ,  
respectively . The correlation coefficient (0.26) points to 
slightly hydrodynamical sorting by bottom currents. 

Sub-Unit 3A (Core 13 upper portion to Core 11, Section 2) 

Lower Eocene light brown to grayish orange nannofossil 
chalk and marly nannofossil chalk dominate the section. 
The sedimentation rate (0.5 crni1000 yr) is identical to that 
of the upper Paleocene. Mottling is moderate and the 
section is characterized by numerous slickensided fractures 
and inclined contacts. Noteworthy is the occurrence of a 
cellophane layer at the base of the unit (Plate 2). 

Coarse fraction contents are relatively high and range 
from 2 to 15 per cent. It comprises about 80 per cent 
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TABLE 3B 
Lithology, Holes 402/402A 

M d  (pm) M d  (pm) 
Sample Clay, M d  So Sk 1% Silt Silt 

(Interval in cm) CaC03 Foram. Nanno. Unsp. Quartz Other Silica (pm) (bulk) (bulk) (pm) (bulk) (residual) 

Hole 4 0 2  

1-1, 30-32 25 2 14 9 6 2  1 0  25 2.45 0.96 160 33 25 
1 - 1 , 3 5 3 7  24 3 16 5 5 8 17 4 0  2.74 0.73 450  32 
3-1, 123-125 35 20 7 8 4 3 21 6 0  1.94 0.65 400  41 26 
3-1, 127-129 4 8 25 10 13 29 2 3 6 0 29 24 
3-1, 137-139 4 9  21 11 17 29 32 6 0  3.08 1.06 420 28 23 
5-1, 19-23 6 1 24 37 1 0 15 14 16 2.31 0.75 70 23 18 
5-3, 133-137 4 8 19 29 12 22  18 16 2.31 0.75 1000 23 18 
5-3, 145-147 5 5 23 3 2 6 19 2 0  13 1.83 0.77 90 2 2  18 
5-4, 81-84 67 30 3 7 5 1 0  18 16 1.77 0.78 7 0  

planktonic foraminifers. and up to 3 1 per cent radiolarians 
in Sample 11-4, 25-31 cm; siliceous components are lacking 
in othcr samples. 

The average of the silt medians for bulk samples is almost 
identical to those of Unit 3 ( B  + C),  but the dispersion is less 
(crx = 2.8 against 5 p m )  The average decalcified silt median 
(20 p m )  is also close to the preceding unit, but is more 
dispcrsed (a = 3.1 against 1.7 p m ) .  Correlation between 
median of both fractions (y = -0.02) is poor. 

These observations indicate that deposition of the lower 
Eocene sediment occurred under a rclatively weak bottom 
current regime and a moderate dissolution rate. 

C'nit 2 

Sub-Unit 2B (Core 11, Section 1 to Core 5) 

This section comprises middle Eocene pale olive (10 Y 
612) to greenish gray ( 5  GY 611) nannofossil chalk that 
accumulated at the rate of 1.3 cml1000 yr. They are 
separated from the upper Eocene by a 1.8-m.y. hiatus. The 
sediments of Cores 10 and 9 are devoid of sedimentary 
structures with the exceptions of few Zoopphvcos burrows. 
Core 8 is both laminated and burrowed. Core 7 is laminated 
and sediments of Cores 6 and 5 are moderately to intensely 
burrowed (Plate 2). 

Coarse fraction contents are higher at the beginning and 
at the end of the middle Eocene ( 5  to 10%): they average 2 
per cent through the middle Eocene. The carbonate fraction 
is dominant, with the exception of Samples 9-2, 137-140 
cm and 8 - 3 ,  106-109 cm, where the siliceous component is 
more abundant. The carbonate comprises dominantly 
planktonic foraminifers. the PFJBF ratio ranges being 
between 20 and 50: benthic foraminifers range between 1 
and 3 per cent. hence variations of the PFJBF ratio are 
related to fluctuations in the abundance of the planktonic 

foraminifers which may be related to dissolution: this 
appears to have been less pronounced by the end of the 
middle Eocene where the siliceous component ranges from 
12 to 49 per cent. Radiolarians (sometimes badly preserved) 
are abundant ranging from 23 to 43 per cent: sponge 
spicules reach up to 5 per cent. Pyrite is abundant i n  Core 9; 
fish debris although rare is always present, amounting to 1 
per cent in Sample 10-7, 16- 18 cm. The general impression 
that results from the examination of the coarse fraction is 
that deposition of these sediments occurred in a context of 
high pelagic productivity. Average median of the bulk and 
decalcified silt are almost identical to those of Unit 3 ,  but 
the medians of the decalcified silt are less dispersed and 
there is also a slight increase (0.18 against -0.02) of the 
correlation coefficient. 

These observations indicate that the sedimentation rate 
increase that occurred at the lower-middle Eocene boundary 
resulted from increasing terrigenous supply and decreasing 
dissolution rates. The evolution occurred within a 
predominantly weak bottom current regime and the 
middle-upper Eocene hiatus at this site does not appear to 
have been preceded by increasing bottom current or dissolu- 
tion rates. 

Sub-Unit 2A (Cores 4 to 2) 

The sub-unit consists of upper Eocene and lower 
Oligocene light greenish gray ( 5  GY 8\11 nannofossil chalk, 
that accumulated at the approximate rate of 0.7 cm/ 1000 yr. 
The coarse fraction ( 2  to 7%) is composed mostly of 
planktonic foraminifers (75%) and radiolarians (8%). The 
medians of the bulk silt fraction are high ( 3  1 and 28 p m )  but 
those of the decalcified samples are low ( 19 and 18 p m ) .  In 
view of the few samples available no hypothesis about the 
environmental conditions can be deduced. 



TABLE 3C 
Lithology, Holes 402/402A 

Sarnplç 
(Inicrvrlinrm) OR ORO OA Ml< OMIN ROC ML'DA PYR GLAL' MAN P I 0  PTlR B I 0  tCH OST LAM BRY COR CNSP RAD DIA SPIC PLA FlSH OTH TOTAL 

Number of h r t t r k s  

Hdc 402 

1-1.30-32 23 23 446 4 4 1 3 4 5 2 13 O 8 11 O O O O 41 O O O O O O 577 
1-1.35-37 44 27 544 1 9 2 O 2 4 O 37 O 5 O O O O O 25 O I O O O O 701 
3-1.123-125 25 24 524 11 9 6 2 5 O O 161 O 165 3 0 0 O O 106 l 1 3 O O O 1052 
3-1.127-129 17 14 341 17 7 13 2 7 7 O 342 O 156 O O O O O 121 O O O O O O IO50 
3-1.137-139 13 18 349 3 5 13 O 3 9 O 283 O 172 6 U O O O 129 O O O O O O 1003 
5-1. 19-23 5 O 31 13 O 4 1 70 2 O 186 O 55 1 O O O O 167 16 5 266 1 O O 823 
5-3.133-137 1 1 61 4 3 21 25 10 9 O 158 0 55 1 O O O O 208 39 O 244 O O O 840 
5-3.145-147 1 4 56 1 6 9 6 27 13 O 183 O 51 1 1 O 1 O 140 32 O 141 2 2 O 677 
54.81-ô4 1 2 17 5 O O 8 4 3 O 149 O 57 1 O O O O 135 49  O 181 O O O 612 

Hok 402A 

h r t i c k r  Frrqueny 

Hok 402 

Hok 402.4 

14 .  27-30 
1 4 ,  33-37 
14,122-1 27 
3-2. 147.149 
34.20-21 
4-1. 77-79 
4-2. 16-19 
4-3, 13-17 

Note Terngenous OR = reddlsh quartz, ORO = roundcd quartz. QA ; angulourquartz. Ml<' = mica. OMlh = orhcr mineralr ROC = rock iragmentn. MUDA = muddy aggregater Authigenic PYR = pynte. GLAU = ~ l a u c o n ~ t r .  MAN = m m  
ganese.(àlmr~our PÇO : phnktanic foraminifer. PTk R = ptcropod. Bt O = benthtc faraminifer. F<.H = rchinotd. OS1 = Ortracode. LAM - hmehbranch. BRY = bryozoan. &R = coral. UNSP = unlpecficd carbanatc. Silicmul RADs 
tad~obriui .  DIA = dulom. SPIC = rponp  sprulac. MisceUaneour PLA = plant remainr. FlSH = iuh remains. OTH = athcr. TOTAL = numbcr of pirtickr counted. 
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TABLE 4A 
Lithology, Site 401 

Samplc  Accumulation 
( In tc rvd  in c in )  Unit Katc (mm11000  vr i  Aec Namc Color Code Striictiirc 

1 -1 .8 -10  
1-1, 50-52 
1-3, 103-105 
2 -1 ,40-42  
4 ,  ( Y ,  
5-3 .49-52  
6-2. 4 3 4 5  
6-3, 15-17 
7-1. 113-115 
7-2, 21-23 
8 -3 ,  92-94 
8-3, 1 Ob- 1 0 9  
84. 98-100  
9-2. 137-140  
9-2, 140-143 

10-7. 16-18 
11-3. 69-72  
11-3, 78-79 
11-4.28-31 
1 2 4 ,  15-17 
13-1, 8 2 - 8 5  
1 3 4 .  126-128  
14-2. IO-I 2 
14-3. 1 24- 1 27 
14-5. 5 1 - 5 3  
16-2. 126-1 2 9  
17-1. 3 7 4 0  
17-3,  20-22 
I X-l , 24-26 
19-1. 118-120  

Ouaternary 
Oudtcrnary 
Ouatcrnary 
I,.arly Oligocenc 
Latc I..occnc 
Middlc I.occnc 
Middlc Iboccne 
Middle I:«ccne 
Middlc I.occnc 
Middlc Iiocenc 
Middle I..occnc 
Middlc I.occnc 
Middlc I:ocenc 
Middlc I;iiccnc 
Middlc I.occnc 
Middle I.occnc 
I.arly I.i>ccnc 
I.drly I.occnc 
I,arly I.occne 
I..irly Iboccne 
I..irl> I.o~.i,nc 
I.;irly I <~cc i i c  
1.a1c P ; ~ I c o ~ c n c  
L.atc Pdcocenc  
Ldte Paicoccnc 
Middlc Pdeoccne  
Ilarl) Palcoccnc 
I,;irly k ~ l c o c c n e  
Mac\tricIitiaii 
('anilianiaii 

Marly nanno-forani oozc 
('ale. sandy mud  
Calcarcous mud 
Nanno o o ~ c  
Nanno  chalk 
Sii. marly nanno-foram 
Sil. nanno  c h d k  
Sd .  marly nanno  chalk 
Sil. marly nanno  clialk 
Sii. nanno  c h d k  
Sil. nanno  c l idk  
SiI. nannt)  chalk 
SiI. marly nanno  chalk 
Sil. m;irly nannii clidlk 
SNI. rnarly naniio clialk 
Sil. inarly nanno clialk 
Marly f u r ~ i n  nanno clialk 
Marly niinno ~ l i a l k  
Marly nanno  clialk 
Marly Ioraiii nanno c l idk  
Narino c l i ~ l k  
Marly iianno c l idk  
Marly iianiio c l idk  
Marly nanno  c l idk  
Sil. nannil c l idk  
Nanno c h d k  
Nanno c l idk  
Naiiiio clialk 
Naiiiio c l idk  
Nannci clialk 

Yellc)wi$li gray 
Olive-gray 
Olive-gray 
Liglit grcenisli gray 
(;rayi~Ii ycllow grccn 
(;rayisli ycllow grccn 
Ligli t grcenish gray 
L.iglit grcenisli gray 
Pale olive 
Pale grcenisli yellow 
(;rccnisli grÿy 
(;rccnish gray 
Ycllowisli gray 
(;rccni\li gray 
(;rccnish gray 
(;rccni\li pr;ry 
Pinkisli gr;iy 
Y cllowi\li gray 
Pinki\li grüy 
Very pale orüngw 
(;nyisl i  ownge 
Vcry pale iiranrc 
I>ark yclli~wi\li h rown 
(;r.iy I ~ I I  orange 
I>ark yellowisli browri 
Yclluwi\li gray 
Very pale iiranpc 
(;rayi\Ii <lrdnpe 
(;r.iy i ~ l i  ordnpe 
(;rayi\li oranpc 

('oarsc laiiiinae. iniii tliick 

I,incly Iaiiiinated 
I loniogcneoiis 
lioinogcneoiis 
Laminatcd 
Laniinated 
Hiotiirhatcd 
1;incly laininate<l 
tlomogencoits 
Honi<igenciiiiï 
Zoophyco \  hur row ( ? )  
Laniinated and hi~i turl i .  
Hurrow '! pyrite clii\tcr 
l3iotiirI>atcd 
I1ioturli;itcd 
boram-ricli Iaininac 
I'oram-rich laininae 
h r i i ina tcd  
1:orarri-ricli latninac 
I.i)rarii-rich lamin;ic 
I.aniinatcd 
l lornopeneouï  
I.oram-ricli lüminae 
(;radcd 
Hurrow 
Silty laminac al  l>otlt)iii 
Laininatcd I ?  l 
L.aiiiinalcd f ? )  
l lard groiind 

Unit 1 

The recovered Quaternary sediments correspond to the 
upper 9.5 meters of Hole 401 (Core 1 ); they consist, from 
top to bottom, of marly calcareous ooze, calcareous ooze 
and mud. Two graded beds occur in the uppermost 3.5 
meters. Sample 1-3, 103-105 cm, is an olive-gray ( 5  Y 312) 
microlaminated calcareous mud. It is rich in quartz and clay 
rninerals. The medians of the silt fraction are, respectively, 
26 and 21 Pm.  

Samples 1 - 1. 8- 10 cm and 1 - 1 ,  50-52 cm belong to a 
section characteri~ed by textural sorting and color changes 
(Figure 5). The upper one was sampled at the top of-an 
upward fining sequence; it is a yellowish gray ( 5  Y 712) 
laminated marly nannofossil foraminifer ooze. The lower 
one  constitutes the base (gradational) of the graded 
sequence. It is an olive-gray (5 Y 512) calcareous sandy 
mud. 

The coarse fraction (22%) of these samples comprises 
dominantly planktonic foraminifers. In Sample 1- 1. 50-52 
cm, it accounts for 40 per cent and is characterized by the 
presence of rounded (13%) and reddish (4%) quartz 
(limonite coated ?) suggesting a shallow water origin for at 
least part of the material. 

Medians of the silt fraction are, respectively, 29 and 32 
p m  for the bulk and 18 and 23 p m  for the decalcified silt,. 
indicating active bottom current; the gradational nature of 
the basai contact also favors a contourite rather than a 
turbiditic origin for this level. 

The recovered section illustrates well the changing 
sedimentary regime that prevailed on the margin during 

Quaternary time. Detailed study of Core 1 .  Section 1 shows 
that minor cycles related to variation of the terrigenous 
supply occurred during periods of high carbonate 
production. 

Discussion 

Our observations suggest that the deposition of Upper 
Cretaceous and Paleocene sediments occurred in a regime of 
relatively active bottom currents and low dissolution rates. 
It appears that the Maestrichtian-lower Paleocene as well as 
the lower-upper Paleocene hiatuses resulted probably from 
active bottom current andlor slope instability. During the 
late Paleocene (Sub-unit 3B), dissolution rates increased as 
was also noticed at Site 400 during the same period. The 
increase of the sedimentation rates that occurred during the 
middle Eocene resulted from the conjunction of increasing 
terrigenous supply and a possible decrease of the dissolution 
rate. It thus appears that the rniddlelupper Eocene hiatus 
was not preceded by increasing bottom current intensity or 
dissolution rate. Late Quaternary sediments are 
characterized by fluctuations of the carbonatelclay ratio that 
probably reflected climatic and eustatic changes. 

SITE 400 (Figures 2, 5, 6, 7; Tables SA, SB, SC, 6, 
Appendix C [in back pocketl) 

Unit 3 and  Sub-Unit 2D (Cores 61 to 56,654 to 597 m) 

This section is composed of reddish yellow upper 
Campanian to lower Maestrichtian, marly nannofossil 
chalk, and white to bluish white Maestrichtian chalk. 



UPPER CRETACEOUS TO QUATERNARY SEDIMENTARY PROCESSES 

TABLE 4B 
Lithology, Site 401 

Md (Mm) Md (Mm) 
Sÿmplc Clay, Md S o  Sk 1% Sil t Si1 t 

(Intcrval in cm)  CaCO2 ]:oram Nanno Unsp. Quartz Otlicr Silica (um) (bulk) (bulk) (um)  (bulk) (rcsidual) 

Interbedded upper Paleocene calcareous mudstone. marly 
nannofossil chalk, and nannofossil chalk of grayish orange 
color (5  YR 712) comprise Sub-unit 2D. They accumulated 
at the rate of 0.5 cm 11000 yr. 

In the coarse fraction of the Paleocene sediments (Figure 
6). siliceous components are abundant (79 to 90%). Sample 
57-2, 32-34 cm contains abundant planktonic foraminifers, 
showing traces of dissolution; at this level calcareous 
spicules, fish debris, echinoid and coral fragments, 
bryozoans, ostracodes. large angular or rounded quartz, and 
glauconite also occur. It appears that this sediment is 
constituted of a mixture of an in-situ pelagic component 
(deposited under or near the foraminifer lysocline) and 
shallow water reworked sediments. In contrast, the coarse 
fraction of the upper Maestrichtian chalk is dominantly 
calcareous (59% unspecified carbonate, 30% planktonic, 
and 8% benthic foraminifers) and indicates a low 
dissolution rate. The median average of the bulk (24 p m )  of 
upper Cretaceous to Paleocene samples is badly correlated, 
indicating that the environmental conditions during Late 
Cretaceous to Paleocene evolved from low to high dissolu- 
tion rates, whereas the bottom current activity was moderate 
to low. 

Sub-Unit 2C (Cores 55 to 48) 
Lower-middle Eocene siliceous mudstone comprises 

most of Sub-unit 2C; it accumulated at the rate of 1.3 

cm/1000 yr. Siliceous biogenous remains reach peak 
concentrations up to 40 per cent in gritty layers. CaC0:i 
exhibits a maximum value at the base of the unit and in  Core 
52 so that marly chalk generally prevails in these intervals 
(Plate 4). This part of the section is typified by variegated 
greenish gray, light brown, and grayish orange sediment. 
Evidence of slumping and small-scale faulting occurs 
throughout the section: a reworked Lower Cretaceous 
pebble is present in Sample 48-3, 0- 10 cm (Plate 4).  

In the coarse fraction, siliceous components range 
between 16 and 99 per cent and comprise mainly 
radiolarians. Spicules reach up to 40 per cent at the top of 
the unit (Sample  47-6 ,  08-100 c m )  which is also 
characterized by a high percentage (65%) of manganese 
debris. Carbonate components range between 1 and 17 per 
cent and consist mainly of unspecified debris; benthic and 
planktonic foraminifers are rare (6% and 4%. respectively). 
The benthic foraminifers at Sample 47-6, 98-100 cm are 
broken and probably reworked. Quartz is rare (up to 7%) 
and manganese is abundant (7%) in Sample 47-6, 98-100 
cm. It occurs in this sample as fine debris or as coating on 
radiolarian tests. Muddy aggregates are also abundant and 
appear to be most abundant in the vicinity of hard 
porcellanite layers which may be related to diagenic 
transformation. Dissolution apparently was low during early 
and middle Eocene. Also noteworthy is the occurrence of 
spicules and rnanganese debris in the uppermost middle 



TABLE 4C 
Lithology, Site 401 

Sample 
(Interval in cm) QR ORO QA !d# OMlN ROC \ I L 0 4  PYR CLAC VAS PFO PTFR BI O I C H  OST LAU BRY COR USSP RAD 01.4 SPIC PLA FIS11 OTH TOTAL 

Number of Particles 

1-1, 8-10 6 1 5 3 0  4 2 0  I l 0  0 5 2 7 0  7 0 0  O 0  O 4 3 0 1 0 0  1 6 0 2  
1-1.50-52 32 94 399 15 6 9 4 3 5 0 1 2 5 0  4 0 0  0 0 0 2 1  0 0 1 2 0  1 7 2 1  
1-3. 103-105 35 54 421 167 6 8 11 16 5 O 3 2 0  2 0 0  O 0 3 2  O 0 0 2 0  3 7 9 4  
2-1.4042 O 0 9 1 0 2 0 5 1 0  0 402 0 16 1 0 O O O 30 8 0 2 8 0 1  1 514 
4, CC O 0 8 7 0 0 2 0 0  0 4 1 0  O 6 O 2 0 O O 42 46 0 2 0  2 O 2 547 
5-3.49-52 O O 5 3 0 1 3 1  0 0  0 4 2 9  0 8 0 0  O O 0 29 91 0 1 6  0 6  2 621 
5-3.53-56 O 2 7 0 1 1  ? l O 0 495 O 17 O 0 0 O O 5 66 O 16 O 2 1 615 
6-2.43-45 1 O 2 0 0 1 3 5 n 0  O 371 i) 17 1) 0 0 0 O 35 124 O 26 4 2 4 622 
6-3. 15-17 O O 3 1 0 1 1 8 0 0  O 44' 0 7 0 0 O 0 0 45 163 O 18 O 3 1 707 
7-1. 113-116 O O 2 O 0 3 9  O 1 0  O 210 0 I I  0 O O O O 3 151 O 12 O 2 7 465 
7-2. 21-23 O O 4 O O O 3 O U 0  0 341 0 15 0 0 O O O 30 134 O 8 O O 3 565 
8-3,92-94 O O 3 O I 0 5 O O  0 330 O I O  0 I1 O I1 O 16 182 1 29 O 2 5 584 
8-3, 106-109 O O I 1 0 0 1 9 0 0  0 209 O 5 O O O O (1 29 233 O 16 3 4 1 521 
8-4, 98-100 O O 2 O 0 0 2 5  0 O 0 241 0 II O O 0 0 O 22 158 O 18 O 2 2 481 
9-2, 137-140 O O 1 O O 0  4 2 9 0  O 229 O 4 1 I O 0 0 17 271 O 20 O l I l  589 
9-2. 140-143 0 O 1 O 0 0  6 0 0  O 283 0 13 O 0 O O O 19 148 2 10 O 2 8 492 
10-7. 16-18 O O O O O O 4 1 O 0 348 O II 0 O O 0 0 13 138 O 22 O 6 17 560 
11-3.69-72 O I O O O 0 10 Il O O 517 0 I O  O O O O O 1 1  0 0 0 0 2  3 554 
11-3, 78-79 O O O O O O 29 0 O O 389 O 10 O 0 O I) O 16 O 0 1 0 0  1 4 4 6  
11-4. 28-31 O O I 0 0 0 8 o O  O 301 O 4 l O O O O 39 169 O 2 O 1 7 532 
12-4.15-17 O O I 0 1 0 3 0  O 464 O 8 O O O 0 O 16 10 O O O O O 503 

ul 13-1. 82-85 O O I 1 0 0 2 O O  1 614 0 2 0 O 0 O 0 I? 3 0 0 0 0  1 6 3 7  

P 13-4, 126-128 O O 6 I O 3 2 3 3 0  0 6 0 9  0 3 7  O 1  O O O 15 I O 0 0 0 4 7 0 3  
14-2. 10-12 1 O 10 2 0 O 7 O 0 0 4 8 2 0  7 0 1  0 0  O 4 0 0 1 0 3 1 5 1 9  
14-3. 124-127 O Ci 7 1 O O l I l  O 0 519 O 5 0 O O 0 O 21 O 0 0 0 1  2 5 5 2  
14-5, 51-53 O 0 2 9 0 1 2 7 ! I O  O 505 0 5 0 1 0 0 O 26 13 O 49 O 2 8 648 
16-2. 126-1 29 O O O 1 0 0 4 4  O O O 340 O 3 O 0 O O 0 23 98 O 29 O O 4 542 
16-2. 126-129 O O 1 I 0 0 4 3  0 O 0 4 5 3  O 4 1 2  O O 0 ? ?  50 0 2 2  O 0  2 606 
17-1.37-40 O O O 0 0 0 1 5 O O  2 4 3 3 0  4 0 0  1 O 0 2 6  0 0 1 0 0 0 4 8 2  
17-3, 20-22 O O O 1 0 0 1 0 0  O 5 6 8 0  6 O ?  O O O 8 O 0 0 0 0  1 5 8 7  
18-1, 24-26 O O O 1 O 0 13 il O 1 420 0 12 0 0 O O 0 49 I O 1 0 0  1 4 9 9  
19-1, 118-326) 1 O I 4 128 40 17 II O 51 16 O 8 10 0 0 O 1 69 O 0 0 0 0  0 3 4 6  

Particles Fre 

2.5 5.0 0.7 0.3 0.0 0.3 0.0 0.0 0.0 87.5 0.0 
13.0 55.3 2.1 0.8 1.2 0.6 11.4 0.7 0 0  17.3 0.0 
6.8 53.0 21.0 0.8 1.0 1.4 2.0 0.6 0 0 4.0 0.0 
0.0 1.8 1.9 0.4 0.0 1.0 0.2 0.0 O O 782 0.0 
0.0 1.5 1.3 0.0 0.0 0.4 0.0 0.0 0 0 75 0 0 O 
0.0 0.8 0.5 0.0 0.2 5.0 0.0 0.0 0.0 69 1 0.0 
0.3 1.1 0.0 0.2 0.2 0.3 0.0 0.0 0.0 805 0.0 
0.0 0.3 0.0 0.0 0.2 5.6 0.0 0.0 0.0 59 6 0.0 
0.0 0.4 0.1 0.0 0.1 2.5 0.0 0.0 O O 63.2 0.0 
0.0 0.4 0.0 0.0 8.4 0.0 0.2 0.0 0.0 45 2 0.0 
0.0 0.7 0.0 0.0 0.0 5.3 0.0 0.0 0.0 60 4 ?.O 
0.0 0.5 0.0 O.? 0.0 0.9 0.0 0.0 0.0 56.5 0.0 
0.0 0.2 0.2 0.0 0.0 3.6 0.0 0.0 0.0 40.1 0.0 
0.0 0.4 0.0 0.0 0.0 5.2 0.0 0.0 0.0 50.1 0.0 
0.0 0.2 0.0 0.0 0.0 0.7 4.9 0.0 0.0 38.9 0.0 
0.0 0.2 0.0 0.0 0.0 1.2 O O 0.0 0.0 57.5 0.0 
0.0 0.0 0.0 0.0 0.0 0.7 0.2 0.0 0.0 62.1 0.0 
0.2 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 93.3 0.0 

,quemies 

1.2 O O 0.0 0.0 
0.6 0.0 0.0 0.0 
0.3 0.0 0.0 0.0 
3.1 0.2 0.0 0.0 
1.1 0.0 0.4 0.0 
1.3 0.0 0.0 0.0 
2.8 O 0 0.0 0.0 
2.7 0.0 0.0 0.0 
1.0 0.0 0.0 0.0 
2.4 O 0 0.0 0.0 
2.7 0.0 0.0 0.0 
1.7 0.0 0.0 0.0 
1.0 0.0 0.0 0.0 
2.3 0.0 0.0 0.0 
0.7 O.? O.? 0.0 
2.6 0.0 0.0 0.0 
2.0 0.0 0.0 0.0 
1.8 0.0 0.0 0.0 



Terrigenous Aulhipenic Calcareous Siliceous Miscelkneous 
0) 17) (7 ) ('-a ) ( 7 )  

1-1. 8-10 9.80 0.00 89.37 0.66 0.17 
1-1.50-52 77.53 1.11 20.80 0.14 0.42 
1-3, 103-105 88.41 2.64 8.31 0.00 0.63 
2-1.4042 5.06 0.i9 87.35 7.00 0.39 
4. CC 3.1 1 0.00 84.10 12.07 0.73 
5-3.49-52 6.44 0.00 75.04 17.23 1.29 
5-3, 53-56 2.1 1 , 0.00 84 07 13.33 0.49 

ul 6-2.43-45 6.27 0.00 68.01 24.12 1.61 

8 6-3, 15-17 3.25 0.00 70.58 25.60 0.57 
7-1, 113-116 8.82 0.22 53.98 35.05 1.94 
7-2, 21-23 6.02 0.00 68.31 25.13 0.53 
E-3, 92-94 1.54 0.00 60.96 36.30 1.20 
E-3, 106-109 4.03 0.00 46.64 47.79 1.54 
8-4. 98-100 5.61 0.00 56.96 36 59 0.83 
9-2. 137-140 0.85 4.92 42.78 49.41 2.04 
9-2, 140143 1.42 0.00 64.c)? 32.52 2.03 
107. 16-18 0.71 0.18 66.43 28.57 4.1 1 
11-3.69-72 1.99 0.00 97.11 0.00 0.90 
11-3. 78-79 6.50 0.00 93 OS 0.22 0.11 
11-4. 28-31 1.69 0.00 64.66 32.14 1.50 
12-4. 15-17 0.99 0.00 97.02 1.99 0.00 
13-1. 82-85 0.63 0.16 98.59 O 47 0.16 
13-4, 126-1 28 4.69 O 43 94.17 0.14 0.57 
14-2. 10-12 3.85 0.00 95.18 0.19 0.77 
14-3.124-127 0.72 0.00 98.73 0.00 0.54 
14-5. 51-53 6.02 0.00 82.87 9.51 1.54 
16-2. 126-129 8.30 0.00 67.53 23.43 0.74 
16-2, 126-129 7.43 0.00 80.36 11.88 0.33 
17-1, 37-40 3.1 1 0.41 96.27 0.21 0.00 
17-3, 20-22 0.34 0.00 99.49 0.00 0.17 
18-1. 24-26 2.81 0.20 96.39 0.40 0.20 
19-1. llE-120 55.20 14.74 30.06 0.00 0.00 

Note: QR = reddirh quartz. QRO = rounded quartz. QA = angulour quartz. MIC = mica. OMlN = other minerak. ROC = rock fragments. MUDA = muddy aggregates: Authigenic. PYR = pyrite, GLAV = glauconite, MAN =mangrnese; Calcar- 
eous. PkO = planktonic toraminiler. PTtR= pteropod. BI O = benthic foraminifer. I CH = echmoid. OST = ostracode. LAM = lamelùbranch, BRY = bryozoan. COR = coral, UNSP = unwenfied carbonate; Silicxour: RAD = radiolarian. 
DIA = d l tom.  SPIC = oponge rpiculae: Miscelkneous. PLA = plant remams. 1 ISH = fish remains, OTH = other. TOTAL = number of particks counted. 



SAMPLE 
[Interval in cm) 

Sie 
401 1-1.8-10 

1-1. 5052 

Depth % Cao3 % Coarse Fractions % Cornponents Q/M Ratio FPIFB Ratio 

(m) Terrig. Authi. Calc. Silic. Othen 
O 20 40 60 80 O 20 40 O 20 40 60 80 O 0.1 10 100 O 0.1 10 100 1000 

I 1 I 1 1 1 1 I I 
1 I 1 I 1 i 

Figure 4. Coarse fraction, Site 401. 
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TABLE SA 
Lithology, Holes 4001400A 

Sample 
(Interval in cm)  Unit 

Hole 400 

1-1, 48-50 I A 
1-1, 6 0 6 2  I A 
1-1. 85-87 I A 

Accuinulation 
Rate 

(mm1 1000 yr) Code 

Quaternary 
Quaternary 
Late Pliocene 
Latc Pliocene 
Ia r ly  Pliocene 
Iiarly Pliocene 
I,.arly Pliocene 
i a r ly  Pliocene 
I:arly Plioccnc 
I.drl) Pliocene 
I..arl) Plioccnc 
I.dte Mioccnc 
Latc Mioccnc 
Late Mioccne 
Middlc Miocenc 
Micldlc Mioccne 
Middlc Mioccne 
Middle Mioccnc 
1:rrly Miocene 
I,arly Mioccnc 
l.ar1y Miocene 
I.arly !vlii~cene 
I.drly Miocene 
I.arl) Miocenc 
I..irl) Sliiiccnc 
I.arl) Mii~cenc 
I.atc-riiid Oligoccnc 
I.dtc-mid Oligocenc 
Latc-mid Oligoccne 
1.atc-rnid Oligocene 
Latc-inid Oligocene 
I.atc-mid Oligocene 
Latc-iiiid Oligocenc 
[.aie-iiiid OIig[>ccnc 
Late-inid Olipoccne 
I.ate-mid 01igoccnc 
Latc-inid Oligoccne 
Mid-latc Oligoccnc 
Mid-late Oligocene 
bliil-ldte Oligocenc 
Mid-ldtc OIigocene 
I.arly Oligocenc 
iar ly Oligoccne 
Middle l,occne 
Middle Iocene  
Middle Locene 
Middle l ~ o c e n e  
Middlc t:ocenc 
Middle I.»ccnc 
Middlc I.ocenc 
Middle I~ocene  
Middlc I.<iccnc 
I.arl) 1-occnc 
I,rrly Iiixenc 
karly I.ocene 
I,arly Liocenc 
I;drly I:cicene 
I,.arly Focenc 
l a t e  Paleoccne 
Middle Pdcoçcne 
Middle Paleoccne 
Middle Paieocenc 
Macstriclitian 

Marly foram-nanno ooze Dusky yellow 
Marly foram-nanno ooze Yellowish gray 
Marly nanno ooze Light olive-gray 

Marly nanno oozc 
Marly nanno-foram ooze 
Marly nanno oozc 
Nanno ooze 
Marly nanno ooze 
Marly foram-nanno ooze 
Marly nanno oozc 
Marly foram-nanno oozc 
Nanno ooze 
l,orani-nanno chalk 
Mdrly nannii chalk 
Pyritic qgrcgates  
Marly nanno chalk 
Nanno chalk 
Nanno chalk 
Nanno chalk 
Nannn chalk 
('alc. claystone 
('ale. $11. mudstone 
Nanno ~ l id lk  
Sil. mud\tone 
Sil. inarly nanno clialk 
Si!. marly nanno clialk 
SiI. inarly nanni) chalk 
SiI. L ~ L .  mudstonc 
SiI. marly nanno clialk 
SiI. nanno c h J k  
SiI. inarly nanno ctialk 
Sil. nanno clialk 
Sd. iiiarly nanno chalk 
Sil. marly nanno chalk 
SiI. nanno clialk 
Sil nannii chalk 
SiI. iianno chalk 
Ndnno chdlk 
SiI. nanno cl idk 
Sil. nanno clialk 
Nannu chalk 
Sil. nanno chalk 
SiI. i i i~ r l )  iiaiino chalk 
Sil. calc. chaik 
Marly nanno chalk 
Mdrly nanno c h d k  
Siliccous inud\tonc 
Siliceous mudstonc 
Siliccous i n u d ~ t o n c  
SiI. marly nanno chalk 
Si1. talc. miidstnnc 
Sil. marly nanni) clialk 
Sil. calc. mudstone 
Marly nanno c h d k  
Sil. marly nanno chalk 
('ale. $11. mudst<ine 
Siliccouî mudstone 
Marly nanno clialk 
Marly nanno chalk 
Marly nanno c h d k  
Marly nanno clialk 
('ale. mudstone 
Marly nanno chalk 
Marly nanno cl idk 
Marly nanno chalk 

Grayish olive 
<;rayish olive 
Light olive-gray 
L.ight gray 
Light olive-gray 
Light olive-gray 
Light gray 
Very Iight gray 
Bluisli white 
Very Iight gray 
Liglit gray 
Light gray 
(;reenish gray 
Bluish white 
Bluisli white 
Blu1sl1 wtiite 
Bluish white 
(;rayish olive 
(;reenish gray 
I.ight greenisli gray 
<;reenish pray 
(;reenirli gray 
Light grecnish gray 
(;rceiiisli gray 
(;rcenisti gray 
Light pray 
Yelluwisti gray 
Yell<iwish gray 
Pinkish gray 
Yellowish gray 
Yellowisli gray 
Liglit greenisli gray 
Yellowisli gray 
Yellowirli gray 
Yellowish gray 
Yelliiwisli gray 
Yellowisli gray 
Light grccnish gray 
Yellowish gray 
Ycll~>wish grJ) 
Light grecnish gray 
Grayish orange 
Yellowish gray 
Grayish orange 
<;rayish orange 
Yellowisli gray 
<;rcenisli gray 
(;recnisti gray 
Greenish gray 
(;reenish gray 
Greenish gray 
(;recnish gray 
Yell<iwish pray 
Mod. yellowish brown 
Pale ycllowish brown 
(;rccnisli gray 
Grayish orange 
Light greenish gray 
Modcrate brown 
Grayish orange pink 

Moderate orange pink 

Laminated pyrite aggregates 
I.inely laminated (?) 
Homogeneous 

Sandy layer 
Sandy layer 
Hom«geneous 
tlomogeneous 
Silty layer 
Silty layer 
Homogeiieous 
Homogeneous 
Homogeneous 
Burrowed 9 
Burrowed 
Burrow infilling 
Rurrow 
Homogcneous ? 
Homogencous 
Laminated? niicroPaulted'? 
Laminated 
Laininatcd and burrowed 
Burrowed 
I.aminated 
Homogeneous ? 
Siliy Ianiinac 
Homogeneous 
Burrowed (Cliondritc-type) 
Hurrowed 
Laniinated ? 
Ilomogeneous 
Hurrowed 
Spiculc-ricli laminae 
L m i n a t c d  
Homogeneous ? 
Laminated and burrowed 
Hoinogencous 
Laminatcd 
Laminatcd 
Layered and orientcd spic. 
(;raded and burrowed I<'liondritcs) 
Laminated 
Laminated, oricnted spic. 
< ; r ~ d e d  " 
Laminatcd 
Burrowed 
Laminated 
Homogencous 
Pyritized laminae (manpanese ?) 
Laminated 
Burrowed 
Laminated 

Laminated 
I.inely laminaicd 
Laminated 
Silty laminae, mottling 
Laminated 
Laminated ? 
Icm-thick silty lamin. 
Homogeneous 
Silty laminae. sharp Boundaries 
Laminated 
Homopeneous 
Laminated ? 
Laminated ? 
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TABLE 5B 
Lithology, Holes 400/400A 

Md (pm) Md (pm) 
Sample Clay, Md So Sk 1% Silt Silt 

(Interval in cm) CaCO? Foraminifer Nannofossil Unsp. Quartz Other Silica (pm) (bulk) (bulk) (pm) (bulk) (residual) 





TABLE SC - Continued 



TABLE SC - Conrinued 

Sample Terrigenour Authigenic Calcareous Sihceous hllrcellaneous 
(Interrd1 ln cm) 1'- ) ( 1 (': l 1 :l < 1 

HO* 400 

1-1.48-50 3.44 10.63 82.34 2.99 0.60 

Hok 400A 

1-1. 6 0 4 2  2.58 0.34 95.18 3 8  0.52 
1-1. 85-87 18.73 0.65 79.32 0.81 0.49 

Note: Trrripieni>u\. OR = reddish q u ~ r i z .  ORO = roundrd qurirz. O \ = rnpulous qudrrz. 
MI< rn1i.r. OMlN = othrr minerdr. ROC - ruri. lrrrmznlr. \II'I).\ = mudd! Jggrc- 
gites. 4iirliipenic. PYR : p)rite. C.1 41 = $l~uii>ntir.. $1 4 \  = mdnprnïrï. C J c ~ r e i ~ u r :  
Pl O plrnhtonii forxniniler. PTE R = pter.ipod. BI O ; henthic turdnimitïr. I Cil= 
rzliin,~id. OS1 = onir~r.ode. L \U = l~niellihr.~n.~h. BR\ ; hr?ozi>m. COR = L.I~JI.  
I'NSP = un\peiitied .~rh~,n .~ tc :  Siliicour: R 41) = i~dia l~r idn .  1114 = di~iirni.  SPIC = 
<pi>ngr. \pn,ulre. M t r ~ r l l ~ n e n u ~ :  PL* = plant remlin*. I ISH = lish reman,. OTH = 
oihrr. TOT4L = numher ot partiL'le, r.ounted. 
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i m p i .  X C & 4  X Corr Fir<iom 
lintuval in an) (rn) 

0 2 0 4 0 M ) 8 0 0  20 40 BO 80 
HOI* I I I ,  I I I ,  

4 W  1.1. 48-50 0.49 

1-1.8042 0.61 

1-1.8547 0.86 

4 W A  2-2. 120-123 86.72 

2 2. 125 126 88.76 

44.88-89 108.38 

6-2. m-80 124.29 

9-3. 20.22 153.71 

10.2.8687 162.36 

13-3, 53 55 192.04 

13-6. 60-61 196.61 

116.6364 196.64 

14.2. 38.40 199.89 

15-4. 7577 212.76 

17 1.43-44 226 94 

M 5 .  132.134 262.33 

246. 127 126 301.78 

27 1. 127 128 322 78 

31-1, 100 102 36051 

31-1. 124126 350.75 

36.2. 72.74 409.23 

37-2. 95-97 418.96 

37 2. 130132 419.31 

39 2, 145 147 438.46 

401.9-11 44510 

40- 1. 33.36 445.34 

41 1. 2-5 454.53 

41-1. 10-13 454.61 

43-1. 10-12 473.61 

43.2.82.84 475.83 

43-2. 145-148 476.47 

433.23 26 476 75 

43-3. 92.95 477 44 

43-3.129 131 477 80 

434,8  10 478.09 

434, 14.16 478.15 

43-5.7073 480.22 

43-5.118 121 480 70 

43-5. 143-146 480 85 

44.1. 109-111 484.10 

44-1.143145 48444 

45.2.49-53 494.51 

452.55  57 494 56 

46.5.84.87 5WJ 85 

48-6. 50.51 510.01 

47.1. 56-58 512.07 

47 6.98 100 519.99 

48-2. 126- 129 523.78 

49-4.48 535.05 

49-4.64 66 535.65 

51-5.2021 555.20 

51 5.67 70 555.69 

52-1.138.139 560.38 

52-1. 139-141 56040 

531.57  568.56 

651, 14-16 568.65 

54-3. 74.77 501 76 

54-3.95-98 581.96 

55-2, 78-80 589.79 

55-2. 8789 589 68 

57.2. 32-34 608.33 

58-1, 14-16 625.65 

58-1. 19-22 625.70 

59.1.81-64 628.32 

60-6. 148.150 643.99 

Figure 6.  Course fraction, Site 400. 

Y hmiuis O/M Ratio FPlFB Ratio 
T e  20 Aubii. C;IC - Siik Ohm 

O BO 80 O 0.1 10 1W O O1 10 1W lm 
1 
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Figure 7. Evolution of coarse fraction, Site 400. 

pyrite concentrations, and abundant fecal pellets. The 
sequence accumulated at rates ranging from 2.2 cm11000 yr 
in middle-late Miocene to 5 cm11000 yr during the Pliocene. 

The carbonate content of the coarse fraction provides 
evidence of high dissolution rates during middle and late 
Miocene (low PF-BF ratio). Noteworthy is the occurrence 
of abundant algal cysts (Rogl and Hochuli, 1976) in Cores 
20 to 36. 

Textural parameters of the silt fractions (20 p m )  indicate 
that a predominantly weak bottorn regirne prevailed during 
middle-late Miocene. Increasing rnedian values (24 and 21 
F m )  and a positive correlation coefficient (0.65) indicate a 
rnarked increase of the bottom current regime in the early 
Pliocene . 

Predominantly weak bottom current conditions prevailed 
during middle-late Miocene, and low PF-BF ratios indicate 
a high dissolution rate. In contrast, lower Pliocene 
sediments were deposited under a predominantly active 
bottom current regime while carbonate dissolution 
decreased. The sedimentation rate increase that occurred at 
the Miocene/Pliocene boundary may have been favored by 
lowered dissolution and increasing terrigenous supply. 

Sub-Unit 1A (Hole 400A, Cores 6 to 1) 

This sub-unit consists of alternating upper Pliocene to 
Quaternary nannofossil ooze and rnarly ooze deposited at 
the rate of 5.4 cm11000 yr. It is distinguished from Sub-unit 
1B on the basis of lower CaC0:r content. The nannofossil 
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ooze occurs in beds on the order of 0.5 to 1 meter thick, 
separated by 25 to 50 cm thick (or less) beds of marly ooze. 
In many cases the marly zones are color banded at a still 
finer scale (5- 10 cm) (Plate 3). These changes correspond 
approximately to periods of time on the order to 20,000 
years that may be related to climatic cyclicity. 

The uppermost sediments recovered at Site 400 consist of 
alternating late Quaternary nannofossil ooze and 
diatomaceous nannofossil ooze. Samples 4-4. 88-90 cm and 
6-2, 78-80 cm are, re?gectively , late Pliocene homogeneous 
light olive-gray ( 5  Y 611) marly nannofossil ooze and light 
gray (N 7) nannofossil ooze. The textural parameters ( 2  1 - 19 
and 22- 18 p m ) ,  respectively, suggesi low bottom current 
conditions. Samples 400A-2-2, 122- 123 cm and 2-2, 
125-126 cm belong to an interval of coarse silt; they are 
marly ooze. the coarse fractions (35 to 40%) of which 
comprise angular quartz (28 to 52%) and planktonic 
foraminifers (25 to 59%). The high proportion of these two 
coniponents suggests erosion (or non-deposition) of the 
finer size grades. The median of the silt fraction (25-25 p m  
or 24-20 prii) also suggests a relatively active current 
regime. These levels may be interpreted as contourite-type 
deposits. Sample 1 -  1 ,  48-50 cm is a dusky yellow ( 5  Y 6/41 
marly foraminifer nannofossil ooze that constitutes the base 
of a 20-cm-thick sequence of greenish gray to grayish 
orange nannofossil ooze. According to the shipboard report, 
it could comprise as much as 10 per cent organic carbon; 
diatoms account for up to 5 per cent and the coarse fraction 
consists of 80 per cent planktonic foraminifers. 2 per cent 
radiolarian, and 10 per cent pyrite. According to its textural 
parameters. this sediment was deposited under relatively 
mild currents. The high terrigenous, diatom, and organic 
niatter content indicates that it may have resulted from a 
high productivity episcide. Samples 400- 1-  1 , 60-62 cm and 
400- 1 - 1 ,  85-87 cm are marly ooze deposited also under low 
bottom current conditions. 

In suminary, the sediments of Core 1 were deposited 
during a period of weak bottom current activity, reduced 
dissolution, and occasional high productivity rates. 

Discussion (Figure 2; Table 6) 

A pelagic sedimentary regime. characterized by low 
dissolution rates, prevailed during the laie Maestrichtian, 
thus the IO-m.y. e x l y  Paleocene hiatus does not appear to 
be a consequence of a high dissolution episode. In the 
Paleocene, bottom current activity remained low to 
moderate, while the dissolution rate increased. During 
lower and middle Eocene, an enhancement of the bottom 
current intensity occurred. while dissolution decreased. The 
increase of the sedimentation rate from 0.5 cm/1000 yr in 
late Paleocene to 1.3 cm/1000 yr in early-Eocene is a 
consequence of decreasing dissolution rates and increasing 
terrigenous supply and productivity. The late Eocene hiatus 
appears to have been the consequence of erosion by bottom 
currents. The abrupt lithological change that occurs at the 
base of the lower Oligocene probably reflects a major event 
of the evolution of the northeast Atlantic. An active (though 
highly fluctuating) bottom current regime and moderate 
dissolution rate prevailed during this time. Evidence for the 
occurrence of turbidity currents at that time is not obvious, 

but the possibility cannot be ruled out in the present state of 
study. 

During early Miocene, bottom current intensities were 
predominantly high. and interbedded claystones point to the 
occurrence of episodic rise of the CCD. The intra-lower 
Miocene may have resulted as a consequence of the 
conjunction of these two influences. Bottom current 
intensities decreased during middle-late Miocene, while 
high dissolution prevailed. The increase of the sedimenta- 
tion rate from I cm/1000 yr in the early Miocene to 2.2 
cm/1000 yr in middle Miocene, in spite of the high dissolu- 
tion rates, implies increasing productivity and terrigenous 
supply. At the onset of the early Pliocene bottom current 
intensity increased notably, but decreasing dissolution and 
increasing terrigenous supply lead to a marked increase of 
the sedimentation rate (2 .2  to 5.3 cm/ 1000 yr). 

STRATIGRAPHIC EVOLUTlON 

Upper Cretaceous 

The lowermost Upper Cretaceou4 hiatus that occurs at the 
three sites is a prominent feature of the margin stratigraphy. 
At Sites 401 and402, i t  happenedduring the transition from a 
neritic (Pastouret et al.. 1974: Pastouret and Auffret. 1976) to 
a pelagic sedinientary regime, in a period of rising 4ea level 
(Cenomanian transgression) and low terrigenous supply from 
a continental area of low relief. At Site 400, the origin of the 
hiatus is questionable; possibly slope instability was one o f  
the involved factors. Hiatuses in the lowermost Upper 
Cretaceous are common in the North Atlantic (Hollister, 
Ewing, et al.. 1972: Rona. 1973: Auffret and Pastouret. in 
press). The occurrence of this hiatus in varied physiographic 
situations and its wide extension suggest that it may signify a 
large-scale oceanic event. It is well known that major 
changes affected the sea-tloor-spreading regime in the North 
Atlantic during the Albian, including onset of sea-tloor 
spreading in the Bay of Biscay (Williams. 1975: Olivet et al., 
1976a). These could have affected the hydrologie and 
physiographic realm and led to non-deposition. The 
modnlities of such an alteration of the sedimentary regime are 
still poorly understood. 

At Site 401. the Campanian and Maestrichtian grayish 
orange laminated nannofossil chalks accumulated at a very 
slow rate (0.2 cm/1000 yr); dissolution rates were low, while 
active bottom current dominantly prevailed. At Site 400, 
reddish yellow marly nannofossil chalk and white to grayish 
orange marly calcareous chalk of late Maestrichtian age 
occur above the hiatus. Low dissolution rates and low bottom 
current activity prevailed at this site during this time. At Site 
402. no Upper Cretaceous sediment has been recovered. The 
reduced thickness of the recovered Upper Cretaceous 
sections is also confirmed by the rarity of Upper Cretaceous 
rocks dredged from the margin. Where they do occur, they 
consist of condensated section, such as the phosphatic crust 
superimposed on granite outcrops at about 3000 meters depth 
on the Goban Spur (Pautot et al., 1976: Auffret et al., this 
volume). 

The much reduced thickness of the uppermost Cretaceous 
sections from continental margins often has been reported 
(Rona, 1973; Worsley, 1974). The latter author suggests that 
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a global climate deterioration may have been responsible for 
the sudden extinction of many biologic groups. Colder 
surface water (14°C) during this time has been reported by 
Létolle et al. (this volume). Also noteworthy is the fact that 
accumulation of sediment during Campanian and 
Maestrichtian was contemporaneous with the beginning of 
the regression; this in turn may have favored an increase of 
terrigenous and biogenic supplies. 

Paleocene 

At Sites 401 and 4 0 0 ,  increasing surface water 
productivity characterized the margin environment at the 
onset of the Cenozoic, but the sediments at Site 400 appear to 
have been submitted to more active dissolution and to a less 
active bottom current regime than those at Site 401. This 
suggests that the foraminifer lysocline level was at a water 
depth somewhere between those of the two sites (a situation 
not so much different from today's; Auffret and Pastouret, 
1977). Nevertheless, the average Jate Paleocene carbonate 
sedimentation rates (Figure 2) were almost identical at Sites 
400 and 401. lmportant paleogeographic events that affected 
the northeast Atlantic occurred during the Paleocene 
(Greenland-Iceland separation, Montadert et al . ,  1977). 
lncreasing terrigenous supplies, and the occurrence of 
attapulgite and sepiolite suggest a warm and humid climate; 
warm surface waters are also reported by Létolle et al. (this 
volume). These observations suggest that, in the uppermost 
Cretaceous and Paleocene time, formation of cold bottom 
water was initiated in the northern area, while circulation of 
warm surface water from a southern origin was activated, 
thus starting the process of commotion in the ocean 
(Berggren and Hollister, 1977). 

Eocene 
Lower and middle Eocene sediments were recovered at 

Site 400. At Site 401, lower, middle, and the uppermost 
Eocene are present; in contrast, at Site 402, upper Eocene 
only was recovered, superimposed on Albian shallow water 
lirnestone. Thus, the upper Eocene hiatus appears to have had 
its maximum development in the deeper parts of the margin. 

Figure 2 shows the parallel evolution of the carbonate, 
silica, clay, and quartz sedimentation rates at Sites 400 and 
401 during early and middle Eocene time. Silica sedimenta- 
tion increased markedly at both sites during this period. 
During late Eocene time, carbonate sedimentation rates 
were slightly higher at Site 402 than at Site 401, whereas the 
silica accumulation rates were about four times greater in 
the former, thus pointing to the possible influence of a 
near-shore area. 

The sedimentary regime during early middle Eocene was 
characterized by a more active bottom current regime at Site 
400 than at Site 401, a situation opposite to that during the 
Paleocene. During middle Eocene dissolution decreased 
slightly which favored increase of the sedimentation rate 
observed at Site 401, supplemented also by increasing 
terrigenous and biogenic siliceous supplies. The increase in 
terrigenous supply could in turn be related to tectonic activity 
in the Pyrenean. 

The strengthening of the bottom water circulation during 
the Eocene has been attributed by Berggren and Hollister 
(1977) to the onset of the overflow of the Norwegian Sea 

bottom water above the Iceland-Faeroe Ridge. However, 
according to the result of Leg 38 (Talwani, Udintsev, et al., 
1976) this ridge subsided substantially below sea level only 
in middle Miocene time. Laughton, Berggren, et al. (1972) 
interpreted the upper Eocene hiatus to be a result of the 
Pyrenean orogeny but,  as in the lowermost Upper 
Cretaceous, it may have a more general significance. 
Effectively, Olivet et al. ( 1976b) pointed to the occurrence of 
a middle to upper Eocene acoustic unconformity in a large 
area offlberia and in the Bay of Biscay. Moreover, according 
to Sheridan (1976) a break in the sedimentary regime 
occurred also on the western margin of North Atlantic as a 
consequence of a change in sea-floor-spreading regime in the 
North Atlantic. Hence it seems highly probable that the late 
Eocene hiatus in the Bay of Biscay is related to an event of 
oceanic rather than regional scale. 

Oligocene 
Important changes occur in the Oligocene section, 

particularly at Site 400 where greenish gray siliceous marly 
nannofossil chalk overlies the dominantly orange pink 
Eocene chalk. In addition, there is a marked change in the 
silica component wherein sponge spicules became 
predominant instead of radiolarians, and the dissolution rate 
notably increased. At Site 400, episodes of high bottom 
current intensity probably were responsible for the deposition 
of the coarse layers that consist mostly of sponge spicules. 
Dissolution at this site was moderate; at Site 401 it seems to 
have been mainly low during the same period. The high 
bottom current intensity and moderate dissolution rate 
resulted in the low sedimentation rate (0.35 cm/1000 yr) 
observed at Site 400. This evolution is concomitant with a 
severe cooling of surface and bottom water masses ( 1 1" and 
7.5"C. respectively, Letolle. this volume). This is the time of 
the settling of the psychrosphere (Benson, 1975; Ducasse and 
Peypouquet, this volume); a geochemical break is also 
observed at this level ( Debrabant et al., this volume). This 
global cooling of the hydrosphere is contemporaneous with 
the onsrt of the formation of sea ice in the Southern 
Hemisphere 38 m.  y. ago, near the EoceneIOligocene 
boundary, and of a general drop of the CCD in the equatorial 
zones (Kennett, 1977). It is very probable that the abrupt 
change in the lithology during the early Oligocene in the Bay 
of Biscay is a consequence of a northward extension of the 
influence of the Antarctic Bottom Water Current. 

Miocene 
Lower Miocene is present at Site 400. It comprises 

interbedded nannofossil chalk, claystone, siliceous marly 
chalk. and siliceous mudstone. The accumulation rate 
increased notably compared to the Oligocene ( 1  .O c d 1 0 0 0  
yr). High dissolution rates are deduced from observation of 
the coarse fraction; bottom currents, although fluctuating, 
were still active. The lower Miocene regime thus appears to 
have been a continuation of that of the Oligocene, with the 
exception of the enhancement of calcium carbonate 
dissolution. The intra-lower Miocene hiatus hence may be 
related to high dissolution rates andior strengthening of the 
bottom currents.  Tectonic instability at the Oligo- 
cene/Miocene boundary has been reported from the 
Aquitaine Basin (Dupouy-Carnet, 1952), but at  the 
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lower-middle Miocene boundary 114 m.y. Langhian) the currents, the role of turbidity currents being subordinate. 
southern margin of the European plate was affected by an Marly calcareous ooze, calcareous ooze, and calcareous 
important tectonic phase; Olivet et al., 1976b) attribute to mud have been also recovered at Site 401; they appear also 
this event an acoustic retlector unconformity in the Bay of to have been deposited under a relatively active bottom 
Biscay. A hiatus also has been observed in early Miocene at current regime and do not imply turbidity current activity. 
Site 118 (Laughton, Berggren, et al., 1972). lnterbedded Quaternary nannofossil ooze, marly ooze, 

The high terrigenous supply and productivity rates that and calcareous mud sampled at Site 400 appears to have 
are characteristic of Miocene are probably a consequence of been controlled by bottom current of fluctuating intensity. 
high erosion rates on the uplifted continental area; middle No evidence of turbidity current activity has been observed. 
and late Miocene arc characterized by a further increase in It thus appears that the role of turbidity currents was 
the accumulation rates (2 .2  cmIl000 yr) .  In middle subordinate-at the three sites. Although furiher study is to 
Miocene, contribution of the silica component to the confirm this point, it is clear that their physiographic 
accumulation rate decreased slightly. This was a time of location may explain such a paucity. Sites 402 and 401 are 
predominantly pelagic carbonate regime, weak bottom both on a sedimcntary apron, and Site 400 seerns to have 
currents and moderate to high dissolution rates, which 
agrees well with the CCD rise proposed by several authors 
(Heath. 1969; Berger, 1974: Berger and Winterer, 1974; 
van Andel et al., 1975). Furthermore. this high dissolution 
episode occurred at a time of predominantly low bottom 
current repime and possibly low water mass turnover. 
During the late Miocene, the terripenous supply dixtinctly 
increased. possibly as a consequence of the worldwide 
rcgression related to the development of the Antarctic ice 
shcet ( Kennett. 1977). Isolation of the Mediterranean basin 

been protected by a topoiraphic barrier from turbidity cur- 
rents tlowing down the Blackmud canyon. 

Summary 

The sedimentary evolution of the Armorican margin is 
characterized by two cycles wherein a period characterized 
by low sedimentation rates (Upper Cretaceous to lower 
Paleocene, and Oligocene) was followed by a period of 
increasing sedimentation rates (upper Paleocene-middle 
Eocene. Mioccne to Quatcrnary). The duration of the period 

is probably thercin linked (Berggren and Hollihter, 1977). of reduced accumulation rates or hiatuses are. respectively, 
Increased sedimentation on the upper slope. reported by about 40 m.y. and 22 m.y. The two periods of active 
Peypouquet (1977) in the Aquitaine basin, indicate a deposition were, rehpectively, about 10 and 22 m.y. long. 
prograding margin (and a tectonic uplift ?) resulting in the The durations of the two cycles are. respectively. 50 and 44 
tranhition from epibathyal (600-800 rn) to a littoral m.y. The t'irst one niay be related to the thernial subsidence 
environrilent during the course of the Miocene. 01' the margin (Slccp, 197 1 ) and is in good agreement with 

the onset of spreading in the Bay of Biscay in Albian time. 
Pliocene The second phase of reduced accumulation rate (or 

At Site 400 the lower Pliocene section consists of hiatus) in the late Eocene-Oligocene is apparently related to 
nannofossil ooze and marly nannofossil ooze that were a strengthening of the bottoni water circulation that may be 
depohited under the control of active bottom currents and related to the initiation of the tlow of the Antarctic Bottom 
decreasing dissolution. These two observations are Current. Changing paleogeography during the Miocene in 
consistent with an increasing turnover rate of the water relation to Alpine orogeny and the onset of the overilow 
masses. As a consequence of higher terrigenous supply and reginle over the lceland-Gotland Ridge resulted in a new 
of lesser dissolution the sedimentation rate increased from 1 episode of high sedimentation rates. 
to 5.3 cm/ 1000 yr. The upper Pliocene nannofossil ooze and 
marlv nannofossil ooLe are interbecidrd at a~~rox in ia t e lv  1 CONC1,I'SION . . 
meter. These rhythmic changes represent an approximate In this chapter, we have used our analytical results 
duration of 20,000 years. The alternation may be a (lithology and textures) to reconstruct the sedimentary 
consequence of climate oscillation, from cold dry periods evolution at the three sites drilled on the Armorican margin. 
(nannofossil ooze)  to temperate and humid (marly 
nannofossil ooze) times. The appearance of this cyclic 
change during the late Pliocene corresponds with the onset 
of the glaciation in the Northern Hemisphere, 2.5 to 3 m.y. 
ago (Berggren and Hollister, 1977; Kennett, 1977). 

Quaternary 
As a consequence of poor core recovery, and of the 

varying conditions that are characteristic of this period. the 
following remarks are made only as example of some of the 

It appears to us that the textural properties of the sediment 
(and more particularly their silt fraction) may record the 
fluctuation of bottom currents, and is consequently of pri- 
mary importance for reconstruction of past oceanographic 
conditions. It is evident, however, that it is only by the 
confrontation of al1 data, including sedimentation rates, 
sedimentary structures, bulk mineralogy, composition of 
the coarse fraction, etc., that one can decipher the significa- 
tion of the recovered sediments. In the course of this study, 
numerous limiting factors have arisen, such as the statistical 

sedimentary regime that prevailed on the margin during significance of the textural data, and the influence of the 
Quaternary time. lithological composition on the textural parameters. Al- 

Calcareous mud and marly ooze were sampled at Site though the agreement of Our conclusions with those derived 
402. An active bottom current regirne appears to have been from other methods is generally good, we conclude that 
prevailing during their deposition. It appears that the study on a finer scale should be undertaken in order to avoid 
sedimentary structures observed (graded beds, coarse this bias. From this study, important aspects of the evolu- 
laminae) could be the result of transport by oceanic bottom tion of the sedimentary regime are: 
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1 )  a low sedimentation rate in the uppermost Cre taceous  
related t o  a possible c l imate  deterioration and  high sea  level; 

2) settling of  a n  active bottom current circulation during 
the early Eocene  at S i t e  400, concomitant with a clear 
thernial stratification of  t h e  water masses; 

3) highly fluctuating bottom current regime dur ing the 
Ol igocene,  spicule-rich "contourites" be ing e m p l a c e d  
during periods of  active bottom current; 

4) important changes in the sedimentary regime a t  the  
e a r l y - m i d d l e  M i o c e n e  b o u n d a r y  c h a r a c t e r i z e d  b y  
decreasing bottom currents and an abrupt increase in the 
sedimentation rates ( in sp i te  of high carbonate dissolution);  

5) ac t ive  bottom current .  decreasing dissolution a n d  
marked increase of t he  scdimcntation rate in t he  enrly 
Pliocene. 

The  lowermost Upper Cretaceous hiatus a n d  the  upper  
Eocene hiatus a r e  probably the result of t h e  hydrologie and  
physiographic environment o n  an  oceanic scale.  
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APPENDIX B 
Site 401 

MOLE 401 
AGE X ORGANIC CARBON 

ACCUMULATION RATE 
lmm/1000 ynl 
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PLATE 1 
Holes 402, 402A 

Figure 1 Section 402-3-1. Textures and colors changes in 
Quaternary sediments (cf. Figure 4). 

Figure 2 Section 402A- 1-3. Debris flow (?) comprising 
limestone, mud gravels, echinoid spine, large 
foraminifers, glauconite, interbedded in late Eocene . 
nannofossil chalk. 

Figure 3 Section 402A-1-5. Slumped beds of late Eocene 
siliceous marly nannofossil chalk and interbedded 
cobble. 

Figure 4 Section 402A- 1-5. Middle Miocene chalk and lower 
Pliocene marly chalk recovered in a washed core. 
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PLATE 2 
Hole 401 

Figure I Section 5-3. lnterbedded middle Eocene nannofossil 
chalk and rnarly nannofossil chalk disturbed by 
mottling and compaction. 

Figure 2 Section 13-4. Lower Eocene collophane bearing 
calcareous mudstone, interbedded in light brown 
nannofossil chalk. 

Figure 3 Section 16-2. Large rind burrow in late Paleocene 
nannofossil chalk comprising 7 per cent sponge 
spicules. 
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PLATE 2 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

PLATE 3 
Hole 400A 

Section 3-2. lnterbedded darker Pleistocene marl y 
nannofossil ooze and lighter bioturbated nannofossil 
ooze. 

Section 17-3. Gradational transition between lighter 
late Miocene nannofossil chalk and darker marly 
nannofossil chalk with abundant Chrondite-type 
burrow . 

Section 20-5. Fairly sharp contact between late 
Miocene marly nannofossil chalk and nannofossil 
chalk: observe the important burrowing at the 
boundary (Teichichnus-type burrow). 

Section 36-2. Color and lithologic mottling due to 
bioturbation in transitional sediments at the boundary 
between Sub-units 1 B and 3A. 
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PLATE 4 
Hole 400A 

Figure 1 Section 43-3. Spicule-rich silty layer of siliceous 
chalk in Oligocene marly nannofossil chalks section 
of Sub-unit 2B. 

Figure 2 Section 43-5. Syndepositional slump in Sub-unit 2B 
marly nannofossil chalk; dark cilored fragments 
contain Paleocene and Lower Cretaceous nannofos- 
sils. 

Figure 3 Section 48-3 .  Subrounded Lower Cretaceous 
limestone cobble interbedded in middle Eocene 
siliceous mudstone. 

Figure 4 Section 55-2. lnterbedded early Eocene grayish 
orange and greenish gray to light greenish gray marly 
chalk. Location of studied sample has been indicated 
by a vertical line. 
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