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ABSTRACT -Critical speeds for erosion, transport and deposition of sedimentary particles and 
prevailing bottom currents intensities are in such a range that the textural properties of the 
sediment silt fraction may be correlated to the intensity of the deep circulation. On the 
other hand, the long axis of the sediment magnetic susceptibility ellipsoid, should be 
aligned according to the current flow. 
~ h e s e  hypotheseihave been positively tested in five abyssal areas. The authors then apply 
textural studies to the study of Cenozoic deep water circulation in two continental margin 
areas (Bay of Biscay and Western ~editeiranean, DSDP Site 400 and Site 372). The 
results are in good agreement with informations provided by micropaleontological and 
geochemical indicators. - 
Oceanol. Acta, 1981, 4,  4, 475-488. 

RÉSUMÉ Texture et fabrique magnétique des sédiments abyssaux, 
indicateurs du régime des courants de fonds. 

- Les conditions d'érosion, de transport et de dépôt des particules sédimentaires et la 
gamme des vitesses des courants de fond susceptibles de prévaloir en milieu abyssal sont 
telles que les propriétés texturales de la fraction silteuse des sédiments paraissent pouvoir 
être corrélées a l'intensité de la circulation profonde. D'autre part, le grand axe de 
l'ellipsoïde des indices de susceptibilité magnétique des sédiments paraît s'aligner selon la 
direction du courant prévalant a l'interface. 
Un test de ces hypothèses dans cinq secteurs de la zone abyssale apparaît positif. Les 
auteurs appliquent la première de ces techniques (texture) a l'étude de l'évolution de la 
circulation profonde au cours du Tertiaire dans deux sites des marges continentales (golfe 
de Gascogne et Méditerranée occidentale, DSDP sites 400 et 372). L'évolution mise en 
évidence est en accord avec les informatidns fournies par les indicateurs géochimiqws et 
micropaléontologiques. , 

Oceanol. Acta, 1981, 4, 4, 475-488. 

INTRODUCTION then be considered as a potential paleocurrent-meta 
using actualistic or uniformitanan principles. We present 

Can deepsea surfaœ sediments be considered as natural ' 

this paper: 
long term current meter? If so, then a new tool for the 
study of the present deep-sea circulation will be at our 1) the theoretical background of a model that aims to 
disposal, and furthemore, the sedimentary record could predict hydrodynamic parameters in the bottom 
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boundary layer from the texture and magnetic fabnc of 
surface sediments; 
2) a test of the mode1 in !ive areas from the Atlantic 
Ocean and the Mediterranean Sea; 
3) an attempt to reconstruct paleocirculation from two 
Cenozoic sequences. 

THEORETICAL BACKGROUND 

Table 2 
Criterin for the recognition of d y  contouritcs. 
Critéres pour la reconnaissance des contouritcs vareuses. 

Cnterion Characteristics of muddy wntourita 
PRer Stow and Lovell(1979) 

Physiognphic acttin# Continental slopc and riœ. marginal pl.- 
teau, sediment ridge. 

Sedimentation rates Generally lower than 10 cm/1000 yem. 
Sedimentary structura Dominantly homogeneous and biotw- 

bated. 
Sedimentam fabric Small randomlv arran~ed varticln clusters. 

CPrrent intensity 
Grain onencations parailel to the current 
(along slope) 

Texturc Dominantly silty, mth $and content Iowa 
Attempts to interpret textural parameters of sediments, than 15% 
in terms of their hydrodynamic significance, have been MiWdOw Biogenic and tmgcnous wmponcnts In 

interbedded cparsc lag deposits the 
particularly numerous for near-shore environments, but nature of the biogenic sand fraction is 
the amount of work devoted to deep-sea deposits 1s far similar to that of the homogeneous mud 

less abundant (Oser, 1972; ~ o n t h i e i ,  ~lingebiel, 1973; one. 

Van Andel, 1973; McCave, Swift, 1976; Grousset, 1977; 
Huang, Watkins, 1977; Stow. Lovell, 1979: Craig, 1979). 
The broad spectrum of sedimentary processes in deip ses Lithological sections suitable for paleocirculation 
envihnments, difficulty in analytical techniques, toge- studies. couid be recognized according to the criteria 
ther with financial costs are three possible reasons for summarized in Table 2. 
this. However, the importance of ~ediment reworking by Figure 1 after Hollister and Heezen (1972). gives for each 
normal oceanic currents has recently received greater particle size the critical velocities for erosion, transport 
recognition due to increased interest in deep-sea and deposition, We have plotted on this diagram the 
sediment Processes through applied research ProJects. distribution in percent of the maximum bottom current 
In Table 1, we have summarized the different velocities recorded in different areas of the world oceans 
sedimentary processes that may operate in the deep-sea (Auffret, Pastouret, 1975; Auffret et al., 1975 and 
and the related deposits. These could be broadly unpublished data, Stow, Lovell, 1979; Barusseau, 
classified into two categories. In the first group (gravity Vanney, 1978). This histogram indicates that silt-sized 
control), the energy is provided by the force of gravity particles (between 8 and 63 m) could be eroded andlor 
acting on the material being transported. In the second transported in most areas. However, average sands 
group, energy is supplied by a "normal" oceanic current, (200 pm) are too coarse to be eroded, and average "clay 
i.e. those currents resulting from the action of external particles" (3 pm) are, depending on their cohesion state, 
agents (geostrophic, wind driven, tidal. inertial, . . . ) on either "never deposited" or "never eroded". Medium 
water masses. As we want to point to the relation between silts (averaging 23 pn according to our choie) 
sedimentary deposits and "normal" oceanic currents, it are eroded for a current velocity of 6 cm. sec.-' 
is necessary to be able to assess from the deposit, which and transported until the velocity decreases under 
type ofsedimentary processes it originates from. Criteria 0,5 cm. sec.- '. Thus the hydrodynamic properties of 
for the distinction between muddy turbidites and the silt fraction make it a sensitive indicator of the 
wntourites may be found in Stow and Lovell (1979). bottom current velocities prevailing in the deep ocean. 

TaMe 1 
Class$cation of deep sen deposits in relation with the sedimentary processes responsible for their deposition. 
Classification des dépôts de mer profonde et processus sédimentaires responsables de leur mise en place. 

Control Sedimentary proasses Lifting agent Deposits Referenas 

Matrix ~ ~ f ~ ~ ~ t e  Kuenen (1950-1967). 

Fluxoturbidite Kuenen and Migliorini (1950). 

Dispersive pressun Resedimented Walker (1973'. 
Gravity flow conglomerate MutLi and Ricci-Lucchi (1972). 

or current Intergranular Oux I l  Sandy turbiditc Middleton (1976) 
Nelson et ai. (1977) 

High wnantration 
Gennesseaux et al. (1971). 

of the water-sediment claycy 
turbidity 

Keller et a1.(1973), 
Shepard et al. (1977), 

". .. . Stow and Bowm (1978). 
Moore (1969). 

Oceanic Dcnsity cumat  (uscading) 
current Bottom current Strong (20 cm/sec.) { Weak (1 to IO c m t ~ )  
Gravily Vertical scttling 

Hemipclagitt 
Pclagte Arrhenius (1963). Berger (1974) 



VII .Ci I ,  i n / .  

Figure 1 
Critical veiocitiesfor crosion, transport a d  deposition, ami percentage 
distribution of the maximum bottom current wlocities recorded in 
different mear of the world ocean. 

Vitesse critique pour I'brosion, le transport et le dtpot d e  particule 
sédimentaires avec distribution en pourcentage des ntespes maximales 
de murant de fond enregistrées dans diverses zones océaniques. 

However, the reported values of velocities imply that the 
sediment texture is relatively homogeneous. In the case of 
mixture, the finer particles could be preserved as a result 
of a sheltering effect. 

According to McCave and Swift. (1976) the rate of 
deposition RA of a given particle size is expressed by a 
relationship involving the ratio of the actual shear to the 
critical shear: 

p., particle density; U,, particlo settling velocity; Nd, 
particle concentration; T, shear stress at the water 
sediment interface; Tc,, critical shear stress for erosion of 
particle sim "d "; P', probability factor accounting for 
local iduence 1 > P' >O. 
Following this relationship the proportion of the silt 
fraction coarser or finer than average silt size (23 pu) ia a 
function of the local shear. 
The deposited materiai is commonly subjected to mixing 
processes related to bioturbation in the benthic layer 
(Rowe, 1974). The thickn- of the mixed layer (6 to 
18 cm according to Peng et al., 1977). and the rate of 
turnover are such that the material, once deposited and 
buried, is periodically reexposed to the action of bottom 
currents. The time increment D,, during whch a particle 
rnay be exposed to the bottom current action is: 

D, depth of the mixed layer; R, rate of accumulation. 
For D ranging from 6 to 18 cm and R from 1 to 10 
cm11 000 y D, rnay r a n g  from 600 y to 18 000 y. 
The periods are still short relative to tne Cenozoic and 
Pleistocene time scale, but are long compared to the 
Holocene one (O to 10000 BP). From the above 
observation, we postulate that the median size of the 
sediment silt fraction can provide information about 

sedimentary processes occumng at the bottom boundary 
layer. The coarser the silt median, the stronger the stress 
exerted by the bottom current on the sea floor. Moreover 
if the distribution of the particles in the silt fraction is 
currenttontrolled. the median of the carbonate and non- 
carbonate (residual) fractions should be positively 
correlated. And if a positive correlation exists, this 
indicated hydrodynamic current control, for there is no a 
priori reason for such a correlation, for particles of 
different sedimentary origin, such as foraminifer tests or 
debris, fine quartz debris and biogenous siliceous 
remains. We therefore interpret high values of the median 
sues and high correlation coefficients as indicative of 
high energy levels at the bottom boundary layer. 
The comparison of textural parameters of different grain 
types within a sediment in order to infer the importance 
of the hydrodynamic control, has already been used for 
continental shelf sand (Barusseau, 1973) and deep sea 
sediments (Diester-Haass, 1973; 1975). 

However, one rnay argue that dissolution of carbonate 
and siliceous microfossils rnay bias the median size of the 
%ilt fractions, and therefore lead to misinterpretation. 
Based on observations of biological reworking in pelagic 
sediments referenced above, it is evident that both 
dissolution and hydrodynamic sorting operate simulta- 
neously during the time period D,. 

Thus, it rnay be postulated (if we admit that no further 
dissolution operates below the mixed zone), that the 
dissolution effect does not hinder the hydrodynamic 
particle size control. Another consequence of McCave 
and Swift's formula is that the sedimentation rate should 
be inversely correlated with the intensity of the stress 
exerted by bottom currents on the sea floor, the extreme 
case k ing  the absence of sedimentation which would 
result in a hiatus in the geological record. 

As a result of the above hypothesis, we propose 9 use the 
hydrodynamic indices listed below: 
1) for W a c e  sediments devoid of carbonate 

2) for marly surface sedimene 

3) for population of marly surface sediments: 

Md,, silt median; M,,,, non-carbonate silt fraction 
median; M,,,, carbonate silt fraction median; r, 
correlation coeffcient; 23 pm, average silt. 
- 
Md,, and Md,< are the average median grain sizes of silt 
fractions from surface sediments sampled in a particular 
area of the ocean floor . 
According to the chosen silt-size range (8-63 p), the 
hydrodynamic indice C3 rnay theoretically range 
between -750 and + 750. 
C, and C, indices are characteristic d individual 
samples. They allow a direct comparison of sediment 
samples according to their hydrodynamic "level". The 



calculation of indice C, implies that we may consider a 
~t of samples from a given area of the sea-floor as part of 
a statistic population. Therefore, we calculate an 
hydrodynarnic indice (applying to a sea-floor area), in 
which enters the correlation coefficient (r) between the 
median size of the non-carbonate and carbonate silt 
fractions of surface sediment samples pertaining to this 
SMIC area. 

No quantitative theory as to the orientation of grains in 
unidirectional flow has as yet been formulated. However, 
work by Rusnak (1957), Hamilton (1967), Rees (1968), 
and Hamilton and Rees(1970) demonstrate that elongate 
grains of silt-size range are predominantly deposited with 
the long axis orientated ~arallel  to flow direction. This 
can be shown using simplé physical principles. As a result 
of the shear velocities that may be encountered at abyssal 
depths, particle deposition occurs in a laminar layer, 
approximately one millimeter thick. In this laminar 
layer, elongate particles are orientated in such a way that 
they offer as little resistance as possible to 'friction, 
implying that grain orientation will be parallel to current 
streak (McCave, Swift, 1976). Thus this orientation is 
most likely to be adopted by elongate particles once they 
have been deposited. Experimental data obtained from 
silt-sized material demonstrate particularly well this 
phenomenon (Hamilton, 1967). Bioturbation processes 
within the mixed layer, may totally destroy this 
hydrodynamically-induced fabric. However, as will be 
discussed later, fabric destruction is only partial. 

On the basis of depositional behavior two kinds of 
magnetic grains can be identified: 
1) grains larger than 10 pm which are deposited with 
their long axes parallel to current flow; and 
2) smaller grains, which are orientated by the local 
magnetic field, due to a sheltering effect. 
This difference in depositional behavior has two 
signifiant results: 
1) the magnetic susceptibility of sediment (Fig. 2) is 
characterized by an ellipsoid, the long axis of which is 
parallel to the current direction and the short axiç is 
orientated at  an angle â that ranges between 50 and 90" 
relatively to the honzontal; 
2) the direction of north can be obtained from the 
remanent magnetism, which is related to the orientation 
of the smaller mono-domain magnetic particles. 
From the above information the azimuth of the flow 
direction can be calculated. Several parameters have 
been proposed to characterize sedimentary magnetic 
fabric (Rees, 1965): lineation (L), foliation (F), anisotropy 
percentage (h), and q such as,: 

q represents a measure of the relative magnitude of 
lineation and foliation, ranging in value from zero to 2.0. 

Figure 2 
Orientation of theellipsoidof magneticswceptibility, with respect ta the 
beddirw and mrrent direciron. 
Orientation de l'ellipsoïde des indiœs de susceptibilitt magnétique ni 
fonction du litage et de la direction des courants de fond. 

ANALYi'ICAL PROCEDURES 

The surface of a Reineck box corer is sampled using 
8 cm3 cubic containers. The remanence was measured 
after partial magnetic cleaning in an altemating field of 
150-200 Oe. The susceptibility values are measured for 15 
directions using an AC bridge. Each measurement is 
corrected for thermal drift and the diamagnetism of the 
plastic container. The 6 values of the anisotropy tensor 
are evaluated from the 15 measurements using a least 
squares method. The calculation of the matrix eigen- 
vector and associated eigen-values allow us to determine 
the orientation of the anisotropy of magnetic susceptibili- 
ty ellipsoid axis (L,, Y,,, L,,). Knowing the 
orientation of the cube relatively to the north remanent 
magnetism, one is able to calculate the absolute 
orientation of the ellipsoid axis. The sedimentation rates 
ranging from millimeters to a few centimeters per 1000 
years, as well as mixing of the surface sediments by 
biological activity make clear that the secular variations 
of the terrestrial magnetic field are averaged out. The 
orientations of K- are plotted on half-stereographic 
diagrams because they correspond to azimuths and not 
to directions. 

After the magnetic measurements have been completed, 
the size fraction coarser than 63 pm is removed by wet 
sieving. Then, 9 cm3 of the suspension (S,) containing 
the silt and clay sized particles are sampled and then 
diluted in 250 cm3 ordinary water (S,), 50 cm3 of this 
suspension are diluted in 150 cm3 of an electrolyte 
solution for analysis with an electronic counter. Three 
subsamples are taken from the original suspension (SI) 
and submitted to analysis. Thus the calculated particle 
size distribution for particles less than 63 pm is the 
average of three measurements. 
Three more 9 cm%ubsamples are taken from suspension 
SI, from which we eliminate calcium carbonate particles, 
through action of HC1 (30%). The excess HC1 is 
eliminated by washing and centrifuging the residue, then 
the above procedure is applied. 



Knowing the carbonate content of the less than 63 pm 
fraction, one is able to  dcrive from the bulk and residual 
size distributions, those of the calcitic components less 
than 63 pm and then for the 63-8 pm fractions, from 
which we derive the median. The range of the analytical 
error has been evaluated. The whole analytical procedure 
starting with the sampling from suspension S I ,  has been 
repeated thirty times on a sampie of average lithological 
composition. The results show that we evaluate the 
median with an error of f 2 p at the 95 % confidence 
interval. 

PRESENT-DAY CIRCULATION 

Introduction 

In order to test the possibility of using surface sediments 
as a long-period natural current meter, we have studied 
surface sediments in five areas, where the bottom current 
regime is relatively well known (Fig. 3): 
1) Cape Basin; 2) Vema Channel; 3) Vema Fracture 
Zone; 4) Alboran Sea, and 5) Bay of Biscay continental 
margin. We will review the results for each of the- areas 
in terms of the proposed model. 

Figure 3 

Studied areas: 1) Cape Ihsin; 2) 
Verna Channel: 3) Vema Fracrure 
Zone. 4) Bay of Biscay. 5 )  Alboran 
Sea. 6) * K R  17. with indicarron 
o j  the pattern of bottorn current 
circulation. aper Stow and LDvell 
(1979). 

Zona btudiks : 1) Bassin du C ~ D :  2) Chenal Vema: 3) Zone de 

Figure 4 
Bathymetric map ofstudied area in the Cape Basin and stereographic 
diagram e, upper hemisphere: 0, lower hemisphere. 

Carte bathymetnque de la zone etudiée du Bassin du Cap avec 
projection stéréographique de K,: hemisphère supérieur, 0 : 
hemisphère inféneur. 

conducted. The survey included both bathymetry 
(Seabeam) and surface sediments sampling (Usnel and 
Reineck corers). The sea floor lies at an average depth of 
5 240 m, its morphology is characterized by elongate 
troughs and ridges trending N 340'. Surface sediments 
consist of a 30 to 45 cm thick layer of siliceous pelagic 
clay, superimposed locally on nannofossil marly ooze of 
upper Pleistocene age (C. Müller, pers. comm.). The 
regional bottom current regime is characterized by a 
northeastward flux of Antarctic Bottom Water (Wüst, 
1957). Lithological and magnetic data are summarized in 
Table 3. 

Fracture Vema: 4) Goire de Gascobe; '5) Mer d'~lborA,* K R  17; 
avecindicationdelacirculationprofonded'aprèsStowet Lovell(1979). The 'Ontent of the sediment is very Iow (about %), 

consisting mostly of agregates. The medians of the bulk 
sediment range from -12-to 21 pm with an average of 

Regional studii 15 p. while the silt fraction medians range from 21 to 
26 pn with an average of 23 Pm, i.e. "average silt size" 

Cape Busin (Fig. 4) as defined in this paper. This suggests a balance between 
During the Walvis cruise of the RV Jean Charcot, a erosion and sedimentation processes and a mean velocity 
detailed survey of a small area of the Cape Basin was on the order of 1 cmlsec. The average hydrodynamic 

Table 3 
Lithologic and magnetic jabric parameters o j  Cape Basin sediments. 
Lithologie et fabrique magnetique d a  sCdiments du bassin du Cap. 

KG02 surf. 3 1 21 26 128 0.36 1.48 23 
KG 02 suri. 3 5 17 25 118 0.49 0.84 17 
KG 03 3 5 14 22 91 1.52 0.98 61 
KG 03 2.5 2 15 23 100 0.73 0.07 65 
KG05 s u d  2.5 3 12.5 21.5 87 0.40 0.56 64 
~ C o s  sud 2;s 5 17. 25' I l8 0.35 1.22 4 
KG05 (11-13 an) . 2.5 14 19 23.5 104 0.63 1.05 42 
KG 06 3 3 15 24 109 0.60 0.311 81 
KG 06 " 2.5 2 13 21.5 87 0.90 1.35 37 
KU07 ., 3 5 15 23 100 0.46 O 69 
KG09 1 12 21,s 87 0.11 1.07 7 
KG 09 1 - 16.5 23.5 104 0.48 0.25 59 



indice C ,  is 100. The anisotropy of magnetic 
susceptibility (AMS) study provides results for 7 out of 
the 13 samples on the basis of â>50°. An hand 
approximation of the average azimuth is N 55". It 
suggests that the bottom current may cross at an angle 
the clongated ridges particularly where their axis is 
depressed as shown by the bathymetric map. The 
northern sample KR07 indicate an azimuth (167") 
roughly parallel to the bathymetric trends, thus 
suggesting a possible channelling of the bottom current. 
Anisotropy percentages range from O. 11 to 1.52% with 
an average of 0.56 %. 

V e m  Channel (Fig. 5) 

The Vema'Channel is the only deep passage through the 
Rio Grande Rise, between the Argentina and Brazil 
Basins. It is a narrow gap, approximately 500 km 

Figure 6 
Compured wlocity projle in the main branch of the Vema Channel afrer 
Johnson et al. (1976) and average of current mearwements at stations A 
and B. 

Profil des vitsscs dans la branche principale du chenal Vema d'après 
Johnson et al.  (1976) et moyenne des vitesses mesurées aux stations A 
et B. 

long, and 50 km wide, with a depth of about 4500 to 
5 200 m. Antarctic Bottom Water which emanates from 
the Weddell Sea flows through the gap into the Brazilian 
Basin. This area was investigated during the Geobresil 
cruise of the RV Jean Charcot. Two stations at the 
northern (A) and southern (B) extremities of the Channel 
were studied in detail. Figure 6 after Johnson et al. (1976) 
illustrates the velocity profile in the main branch of the 
channel. The velocities were recorded at stations A 
and B during four short periods and the average velocity 
plotted on Johnson's curve (0-6 cmlsec. and 6- 
10 cmlsec. respectively). The lithological and magnetic 
properties of the sediments are summarized in Table 4. 

' 
Sediments from stations A and B areclayed silty mud, the 
sand contents at station B exceed 10%. Nannofossil 
ooze covers the northern Rank of the Rio Grande Rise 
(KR 08). South ofthe VemaChannel thecurrent azimuth 
deduced from the direction of ka, of the surface 
sediment is N 334" and is consistent with the expected 
current direction (Sichler, Auffret. 1979). However, at a 

Fiyre  5 lower level (9-11 cm) an unexpected orientation of 
Bathymetric map of the Vema Channel area, and indication of bottom N 295' is found. Unfortunately no age is available for 
mrrent azimuth Jrom A M S  measurements. these deposits. 
Carte bathymétriquc du chenal de Vema, avec indication de I'azimuth 
des courants de fond d'aprh les mesures d'anisotropie de susceptibilité of the the Ineasured azimuth (N 32") is in 
magnetique. very good agreement with bathymetric trends. The 

Table 4 
L~thologic and magnetic fabric parameters of Vema Channel sedimenrs. 
litho log^ et fabrique magnétique des wdiments du chenal Vema. 

%CaCO, %sand M, M,, Ci  H(%) Q 9. 

2 . 5 - 4 . 5 m  1.5 0 .2  22 5 9  : 0.81 78 ( 5-7 cm . 2.5 0 .4  22 28 0.77 26 
4-6 cm 1.5 7 39 40 2.43 0.9 8 ( 9-11 m 1.5 11 48 42 :3: I3l7 2.87 0.46 73 

KR08 90 27 38 36 245 1.62 0.46 70 



azimuth obtained from the northern flank of the Rio 
Grande Rise (N 90") @ parallel to the bathymetric 
contours. This shows that the North Atlantic Deep 
Water Current flows in a direction parallel to the Rio 
Grande Rise. 
Silt texture and related hydrodynamic coefficients agree 
with the respective current velocities recorded at stations 
A and B. The anisotropy percentages are larger at 
station B (2.65%) than at station A (0.85%), which 
reflects the hydrodynamic significana of this parameter. 

Vema Fracture Zone 

The Vema Fracture Zone belongs to a system of 
transform faults that offset the Mid-Atlantic Ridge at 
latitude l l oN between 41° and 4S030W. Two elongate 
troughs deeper than 5000 m are present at its western 
border while the eastern area is characterized by a relief of 
4 500 m (Van Andel et al., 1971). This eastem area of a 
high relief may act as siiis for flow of Antarctic Bottom 
Water. Figure 7 is a detailed map of a small area from the 
fracture zone, obtained during a bathymetric Seabeam 
survey (VEMA cruise of the RV Jean Charcot), 
Khripounoff et al., 1980). During the same cruise the 
Centre Océanologique de Bretagne carried out a study of 
AABW flow in the sill region west of the fracture zone 
(Vangriesheim, 1980). 

Figure 1 
Bathymetric map of the studied area in the V e m  Fracture Zone and 
polar srereographic diagrm. B, uper hemisphere; O 0, louer 
hemüphere. 

Carte bathymttrique de la région ttudiée dans la Fracturc' Vcma ci 
projection stértographique, : btmisphkrc suptriew, 0 : 
htmisphhe inférieur. 

Table 5 
Lithologic Md i ~ g n e t i c  fabric parameters of V m  Fracnire. 
Lithologic et fabrique magnétique d u  stdimcnts de la Fracture V h a .  

Two close Reineck cores were taken West of the si11 and 
one to the east in the Gambia Basin (KR 17). The 
lithologic and magnetic data are summarized in Table 5. 
Core K 9  consists of marly nannofossil ooze ranging 
from 30 to 52% CaCO,, and 6 to 14 % sand. Core KR 11 
is very similar to KR9, but contains interbedded mud 
levels. Core KR 17 is comprised of mud, with a very low 
carbonate and sand content. Van Andel et al., (1971) 
indicate that high rates of sedimentation prevail in the 
Vema Fracture Zone hence the upper 30 cm of the 
sediment could be of Holocene age. The azimuth of the 
ellipsoid longest axis, has been evaluated using data from 
cores KR9 and KR 11. The plot of the azimuth on the 
stereographic diagram shows a wide dispersion. 
However, the topmost sample from each core indicate a 
N 50' azimuth while the lowermost samples are relatively 
scattered around N 90". 
There is no positive wrrelation between the median of 
the residual and calcitic silt fractions. 
The dispersion of the azimuths and the lack of textural 
wrrelation may be related to lateral input of sediment 
from gravity wntrolled current generated on the fracture 
walls and/or to the rather complex current regime 
resulting from the "overflow" of the eastern sills. 
The average anisotropy percentages in cores KR 9 and 
KR 11 is relatively low (0.84) and highly variable 
(a =0.4), which again may be relatéd to the variability of 
the flow regime. 

Alboran Sea 

The Alboran Sea (Fig. 8) constitutes the westemmost 
part of the West Mediterranean Basin and consists of two 
small basins connected by a narrow strait: the Alboran 
Trough. The average inflow of Atlantic Surface Water 
into the Mediterranean (IO6 .sec.- ' ) implies a mean 
velocity of 2 cm. sec.-' for the outflowing undercurrent 
for a cross-section of 5x107m2. Near bottom 
measurements achieved during the Polymède cruise of 
the RV Jean Charcot indicate that locally current 
velocities may range from 5 to 10 cm.*.-' (Auffret, 
unpublished data). 
According to Frazer et al. (1970) the Western Alboran 
Basin and the southem part of the Eastern Basin are 
covered by calcareous mud, whereas marly ooze occupies 
the north and e s t  of the Eastern Basin. 



Figure 8 
Bathkmetric map of the Alboran Sea and indication ofthe boltom current 
azimuth procided by AMS measurements. 

Carte bathymétrique de la mer d'Alboran, avec indication de I'azimuth 
des courants de fond déduit de I'anisotropie de susceptibilité 
magnétique. 

The lithologic and magnetic properties of the studied 
sediments are summarized in Table 6. Only two samples 
fulfilled the acceptable magnetic criteria. Both sarnples 
gave a flow azimuth of N 70°, consistent with the 
physiographic setting (Sichler, Aufîret, 1979). The 
average value of C ,  coefficient is 180. The calculated C, 
value ( + 136) indicates a positive correlation between the 
median of the calcitic and residual fractions and points to 

Table 6 
Lithologic and magnetic fabric parameters of Alboran Sea sediments. 
Lithologie et fabrique magnétique des sédiments de la mer d'Alboran. 

.~ - 

Level %CaCO, %sand Md 

current coritrol deposition, as previously shown (Auffret 
et al., 1974). The percentage of anisotropy ranges 
between 1 . 14 and 1 .92 and averages 1 .5. This relatively 
high value is consistent with the hydrodynamic index. 

Boy of Biscay continental margin 
The area of study is known as the Meriadzek Terrace 
(Fig. 9). North Atlantic Bottom Water is in contact with 
the sea floor at a depth between 2000 and 3 200 m. This 
water mass is effected by rotating bottom currents of 
semi-diurnal tidal periodicity, the velocities of which 

Figure 9 
Barhymetric map of the Celric margin, localisation of cors and 
srerrographic diagram O] samples /rom ihe eastern area O. upper 
hemisphere. 0. lou er hemisphere. 
Carte bathgmetrique de la marge celtique. localisation des 
prélèvements et projection stéreographique de I'indice Km,, des 
échantillons de la zone est : hémisphere supérieur, 0 . hémisphère 
inferieur. 

Table 7 
Lithologic and magnetic fabric parameters of Meriadzek Terrace sediments. 
Lithologie et fabrique magnétique des sédiments de Meriadzek. 

%CaCO, % ~ a n d  M, M, M,,, M.,, C, H i % )  Q h 

KR 11 16-8 cm) 62 
KR1611-3cm) 54 
KR 16 (5-7 cm) 55 
KR 16 (18-20 cm) 39 
KR 16 (21-23 cm) 35 
KR 17 (2-4 cm) 55 
KR 17 (4-6 cm) 54 
KR 17 (21-23 cm) 54 
KR 18 (6-8 cm) 59 
KR 34 (4-6 cm) 55 
KR 38 (0-2 cm) 57 
KR 38 (4-6 cm) 56 
KR 38 (19-21 cm) 51 
KR 40 (2-4 cm) 55 
KR40 (21-23 cm) 50 
KR44 (2-4 cm) 56 
KR44 (16-18 cm) 54 



reach a maximum of 25 cm. sec.-' (Gould, MacKee, as 

1973; Aufiret et  al., 1975). Bottom current action on the piBure 
C h  

sediments is evidenced by lineations and ripple-marks 
Rcluriun brtwrrn 1 ) hydrady- 

observed on sea-floor photographs. The surficial nomr< (c, c,) und 
sediments of the eastern part consist of nannofossil mron ~urr-enr r e l o ~ r i r r ~  *): 

foraminifer ooze, the sand fractions of which ') a"rag1' an"'"tr"P~ F r ' ( ' " -  
rage., and mran currrnr twla(i- 2 

average 21 %. Toward the West the carbonate contents ,i,, 1.1. TII, du&hi.d and/ull  

decrease slightly, while Sand contents increase and range l i n r ~  ore hcsr band a / 

from 35 to Y 1 %. Lithologic and magnetic data have been aPPraxima'iUnJ. 

summarized in Table 7. Only ihree samples were 
acceptable on magnetic criteria due to lower than 
normal Û values (a< 50") (Coleno, 1980). However, the 
orientations of K,,,,, appear very consistent especially for 
samples from the eastern area, here most flow azimuths 
are aligned north-northeast, which is also the predomi- 
nant direction of the bottom currents. 
The correlation coefficient between the median of silt 
carbonate and non-carbonate fraction calculated on 
14 samples (from the first 20 cm of the cores), reaches a 
value of +0.65, while the hydrodynamic indice C, is 
+93, and C, averages 148. The anisotropy percentages 
of these 14 samples range between 1 .O8 and 3.49, and 
average 2.29. This high value is consistent with the 
indication of the hydrodynamic index. 

Discussion 

Current intensity 

The mean velocity for each station has been evaluated 
using sources of various origins and of very different 
quality; their evaluation and the related references are 
summarized in Table 8. There exists a possible positive 
correlation between the average of the hydrodynamic 
indices Cl and C, and the mean current velocity 
(Ag. 10). The relationship between the Alboran Sea and 
Meriadzek Terrace values of mean velocities with respect 
to the mean hydrodynamic index and average current 
velocity is depicted in Figure 10. The relationship shown 
here is the reverse of that which one might expect. 
Possible explanations include an influx of coarse 
carbonate sedimentation, or a bad estimation of the 
respective mean current velocity. In both areas, however, 
a positive correlation has been found between median 
size of the carbonate and non-carbonate silt fractions, 
pointing to a current-controlled sedimentation regime. 

lvb , , , .- 

lo m.sl 
Relation entre : 1 )  le coefficieni d'hydrodynamisme (C,  et C,) et la 
vitesse moyenne des couranis de l o n d l ~ l :  2 )  le pourcentage moyen 
d'anisotropie et la vitesse moyenne (O).  L a  droites ont été tracés 
d'après une approximation visuelle. 

Such a correlation has not been demonstrated in surface 
sediment of the Vema Fracture Zone. The average 
anisotropy percentage of the different stations also 
appear positively correlated with the average velocity 
(Fig. IO), thus confirming the hydrodynamic significance 
of this parameter. Obviously, these relations need 
confirmation through long term current monitoring and 
appropriate sampling. 

Current directions 

The azimuths of flow directions vrovided bv the 
orientation of the longest axis of the ellipsoid of magnetic 
susceutibilitv is most often in agreement with the 
expecied orientation (i.e. paralGl). Ellwood and 
Ledbetter (1979) have interpreted data from the eastern 
flank of the Vema Channel as indicative of an orientation 
of the ellipsoid long axis normal rather than parallel to 
the current direction. According to these authors, these 
may be expected for high-velocity bottom currents. 
According to Johnson's data (Fig. 6)  the level of their 
samples (4 100 to 4200 m) corresponds to current 
velocity averaging 10 cmlsec. as in station B. where 
the direction was found parallel to the prevailing 
direction. 
We- agree with Ledbetter and Ellwood (1980) in that 
elongated particles when transported should roll on the 
bottom but once deposited they should probably reorient 
themselves parallel to flow lines. 

Table 8 
Evaluation of awrage mrrent velocities. 

haluation des vitesses moyennes des courants de fond. 
- 

Height 
above Method 
bottom 

Area Mean speed Max speed (ml Hydrographie in situ Time C h(%) Referenas - 
Cape Basin . 2 cmlsec. - - + - - 101 0 . 5 6  Wüst (1957) 

South Vema Channel { gi ~ & ~ ~ ~ '  1 .5  - + 30 min. Auflret et al. (19750) 1 . 5  - 44 min. 1 317 2'65 A uffret et al. (1975a)  

North Vema Channel { C T O l  6 cm/sec. 1 .5  + 44 min. 
CTO2 c 1 cm/sec. 1 . 5  + 80min. lS9 ( 2 

v m a  fiactum { $;: : cm:z: i: z:z: - - + + 8,5 26 days daYs } 148 0 . 8  Vangrieshcim (1980) 

Alboran basin ST54 6 cmlsec. . 10 cmlsec. 1 - + 7 hrs. 172 1 . 5  Auflret. unpublished data 
Meriadlek terracc { CTO2 7 cm/sec. . 20 cm/sec. 1 - + 9 hrs. 148 2 . 2 9  Adret  et al. (1975b). 



. -. 
Figure I I  
Relation between L x & '  Md d wlw. O m p k s  fron tk. 
Meriadzek Terrace. 

Relation entre Km xK:,' et les valeurs de â, &hantillons de 
Meriadzek. 

Studies of natural sediments, in conjunction with 
laboratory experiments (Rees, 1965) suggest that fabrics 
produced during grain-by-grain deposition commonly 
correspond with q values ranging from 0.06 to 0.67. This 
observation has been used by some authors to assess tht 
validity of their data. 

For abyssal plain environments. a subvertical minimum 
axis ( a >  50") of the ellipsoid appears to be a suficient 
sample criteria. Al1 sediment surface samples fulfilling 
this requirement have supplied bottom current azimuth 
consistent with expected directions. However. the 
magnetic fabric of margin surface sediments appears 
quite different. A few samples with a values lower 
than 50". also have relatively significant anisotropy 
percentages. The consistency of the current azimuth data 
provided by the magnetic fabric, particularly in zone 1 of 
the Meriadzek Terrace, suggests the need to consider 
possible sources of disturbance of the ellipsoid 
orientation. 

It appears from Figure 11 that angle a is characterized by 
a larger dispersion for values of Km,, x K , , '  larger than 
0.995. However, this relationship does not hold for 
margin samples, which are also generally characterized 
by lower angle cx values. I'he reasun for this 1s not 
immediately obvious, but three possible factors include: 
1) the influence of bioturbation which would destroy the 
foliation but preserve the lineation in sediments 
comprising strongly elongated magnetic particles (high 
shape anisotropy); 

2) a particular fabric resulting from the oscillatory 
motion induced by semi-diurnal tidal currents; 
3) soft sediment deformation, related to creeping of the 
surface sedimentary layer on a very gentle slope. 

According to von Rad (1970) the imbrication angle could 
be considered as an indicator for the flow direction. In 
this study we have not yet reached any conclusion for or 
against this assessment. Obviously factors such as grain 
sizes. slope of the sea-floor. oscillating current regime 
may interfer. A final conclusion should be possible only 
after experimental work and in situ investigations on a 
statistical basis. 

PALEOCIRCULATION STUDIES 

Introduction 

Paleoenvironmental studies rely upon many sources of 
information, including mineralogy of detrital or 
authigenic mineral, micropaleontology, and geochemis- 
try. Among those factors that are relevant for the 
reconstruction of the paleoenvironment, bottom 
currents are one of the most important. Carbonate 
accumulation rates, for example, appear to be under the 
control of productivity and dissolution, that in turn are 
partly dependent on the turn-over rates of water masses 

' 

and the intensity of bottom currents (Berger, 1970; 1974; 
Schink, Guinasso, 1977). Sedimentary hiatuses also, are 
often explained as the consequence of a strengthening of 
bottom current velocity (Fischer, Arthur, 1977; Auffret, 
Pastouret, 1978; 1979). But appreciation of the 
importance of the deep circulation has remained until 
now rather subjective. However. Diester-Haas (1973; 
1975) has already shown that textural parameters of the 
carbonate fraction of sand-sized particles could be used 
in order to demonstrate fluctuation of the paleocircula- 
tion. Ellwood and Ledbetter (1977) also have used the 
textural Darameters of silt fractions. in order to evaluate 
paleocirculation fluctuations. We use here a new 
hydrodynamic index: 

in which Md., and Mdlc are the averages of silt medians of 
core samples from a given stratigraphic interval. 
We present below the results of textural studies in two 
sedimentary sections drilled by the Glomar Challenger. 
The first one consists of Eocene and Oligocene sediments 
from DSDP Leg 48 Site 400 in the Bay of Biscay 
(Montadert et al., 1979). the second one of lower and 
middle Miocene sediments from DSDP Leg 42. Site 372; 
in the Western Mediterranean (Hsü et al., 1978). 
One point which we have disregarded in the case of 
surface sediment cannot be overlooked in the case of 
older sediments. Diagenetic reaction effects are bound to 
become more common with increasing overburden on 
the sediments. Precipitation of CaCO, may lead to 
overgrowths on carbonate shell debris, or authigenic 
carbonates. The occurrence of such processes is often 
related to deep burial (more than 1000 m sediment), 
however evidence of such processes is often obvious, from 
lithological examination and geochemical analysis such 
as the evaluation of ' 8 0 / ' 6 0  ratio from planktonic shells 
debris. Sections affected by recrystallisation should of 
course be rejected, as non pertinent for our purpose. 

Site 400, Emcene, Oligocew seetion w 

We have sampled from site 400 A, drilled at the foot of the 
Celtic margin (47"22, 90°N. 9"11, 90'W), an Eocene- 
Oligocene section 140 m thick (Auffret, Pastouret, 1979). 
During early and middle Eocene, marly nannofossil 
chalk and siliceous mud have been accumulating at the 
rate of 1.3 cm11 000 yors.  Sponge spicules and 



Table 9 
Hydrodynamic index of scdimentsfiom hok 400 (Ieg 48) and hole 372 ( k g  42). 

Coefficient d'activité hydrodynamique des stdiments des forages 400 (Icg 48) 
et 372 (leg 42). 

Period 

Site 400 : 
Early Eoanc 5 23 19 -0.82 -67 
Middle Eoccnc 6 19 20 0.83 60 
Oligoœne 11 22 35 0.64 93 
Lower M i m e  5 M 15 0.93 53 

GteBurdigalian- 
Langhian 13 16 26 0.94 73 

SerravaIlian 9 13 26 0.16 10 

manganese debris(interpreted by Debrabant and Foulon 
(1979) as indicative of oceanic currents) become 
important wnstituents of the sediment coarse fraction 
near the top of the middle Eocene section, which is also 
characterized by the occurrence of silty laminae. The 
upper Eocene corresponds to a sedimentary hiatus, while 
the Oligocene consists of a 45 m thick section of chalk 
and marly nannofossil chalk, which has been deposited at 
the rate of 0.35 cm/1000 years. It also exhibits 
numerous warse cross-bedded intervals which consist 
mostly of sponge spicules. 
The analytical results have been summarized in Table 9 
and are illustrated in Figures 12.and 13. The correlation 
coefficient for lower Eocene sediments is negative, which 
we interpret as indicative of an hemipelagic sedimenta- 
tion and low current regime. The correlation coefficient 
for the middle Eocene section (0.83) is hieh and ~, - 
significant (6 samples); it points to a strengthening of the 
hydrodynamic control, which is corroborated bv the . . 
sedimentary structures and the coarse fraction wmposi- 
tion. This enhancement of the hydrodynamiccontrol just 
precedes the upper Eocene hiatus. The Oligocene 
correlation coefficient (0.64) is significant (11 samples) 
and the hydrodynamic index reaches a value of 93. This 
high value is corroborated by a reduction of the 

l - 
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Figure 12 
Relation betwen median oJcalcitic and residuai silt in ho& 400. Eocene 
to h w r  Miocene sediments. 

Relation entre les médianes des silts carbonatk et résiduels dans les 
ddiments miocène infeneur A tocène du forage 400. 

Figure 13 
Evolurron oJ hydrodynmic index al  site 400 in relation wirh olher 
paleoenvironmenral indicarors. 

Évolution comparée du coefficient d'hydrodynamisme et des autres 
indicateurs du paléoenvironnement au site 400. 

sedimentation rates and the occurrence of sandy 
contourites (spiculite), which suggest the existence of an 
extensive sponge field, on a well-ventilated bottom. A 
major hydrologic change is thought to have occurred 
between early and middle Eocene in the Bay of Biscay. 
Increasing productivity is suggested by high opaline silica 
accumulation rates, high phosphorus content suggested 
by the ostracod assemblage (Ducasse, Peypouquet, 
1979), and low 13C contents (Vergnaud-Grauini et al., 
1978). According to the last authors, the 1 8 0 / 1 6 0  
isotopic ratio of carbonate from hole 398 (Leg 47B) 
(Sibuet et al., 1979) points to a rnarked cooling of surface 
and bottom waters at that time. Thus our results are in 
good agreement with the conclusions obtained indepen- 
dently by different authors, al1 of them leading to 
evidence of an enhancement of the bottom circulation 
reaime at the earlv-middle Eocene transition. This active 
circulation regimé also prevailed during the late Eocene 
and the Oligocene, where the bottom water temperatures 
decreased to less than 8°C. 

Site 372, Miocew (Fig. 14) 

Hole 372 A was drilled during Leg 42 on the Minorca rise 
in the Western Mediterranean basin (4Oo01.90'N; 
4'47.79'E). 
Unit 4 is composed of mudstone and nannofossil 
marlstone. Intercalation of graded and laminated 
sandstone and siltstone at the base of the 
unit and suspected high sedimentation rates 
(31.2 cm11 000 years) lead us to reject this section for 
paleocirculation estimate by our method. 

Unit 3 B (core 33-21) is cornposed of upper Burdigalian 
and Langhian nannofossil chalk, that have accumulated 
at the 'rate of 10.5 cm/1000 years. It corresponds 
approximately to the NN4 nannofossil zone. The 
sediments are intensely bioturbated. The correlation 
coefficient (0.94; 13 samples) and the hydrodynamic 
index (73) for this interval are high, thus reflecting the 
influence of bottom water circulation, which is 
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