N

N

Impact of oil-based drill mud disposal on benthic
foraminiferal assemblages on the continental margin off
Angola
Frans Jorissen, Erica Bicchi, Gérald Duchemin, Josiane Durrieu, Francois

Galgani, Laurent Cazes, Melissa Gaultier, Roger Camps

» To cite this version:

Frans Jorissen, Erica Bicchi, Gérald Duchemin, Josiane Durrieu, Francois Galgani, et al.. Impact
of oil-based drill mud disposal on benthic foraminiferal assemblages on the continental margin off
Angola. Deep Sea Research Part II: Topical Studies in Oceanography, 2009, 56 (23), pp.2270 - 2291.
10.1016/j.dsr2.2009.04.009 . hal-03278014

HAL Id: hal-03278014
https://univ-angers.hal.science/hal-03278014
Submitted on 6 Jan 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://univ-angers.hal.science/hal-03278014
https://hal.archives-ouvertes.fr

Deep Sea Research Part |[l: Topical Studies in Archimer
Oceanography Archive Institutionnelle de I'lfremer
November 2009, Volume 56, Issue 23, Pages 2270-2291 http://www.ifremer.fr/docelec/
http://dx.doi.org/10.1016/j.dsr2.2009.04.009

© 2009 Elsevier Ltd All rights reserved.

Impact of oil-based drill mud disposal on benthic foraminiferal
assemblages on the continental margin off Angola

F.J. Jorissen®® ", E. Bicchi*®, G. Duchemin®® J. Durrieu®*, , F. Galgani’, L. Cazes®, M.
Gaultier*® and R. Camps®

% Laboratory of Recent and Fossil Bio-Indicators (BIAF), UPRES EA 2644, Angers University, 2 Boulevard
Lavoisier, 49000 Angers cedex, France

® LEBIM, Port Joinville, Ile d’Yeu, France

¢ TOTAL EP, Département Environnement, Avenue Larribau, 64018 Pau, France

d IFREMER, Centre de Méditerranée, ZP de Brégaillon BP no 330, 83507 La Seyne sur Mer, France

¢ AJILON Engineering, Pau, France

* Josiane Durrieu, who was strongly involved in this collaborative research from the very beginning, sadly passed
away on the 18th of March, 2009. Her co-authors dedicate this paper to her memory.

*. Corresponding author : F.J. Jorissen, Tel.: +33 5 5684 8384, fax: +33 5 5684 0848, email address :
frans.jorissen@univ-angers.fr

Abstract:

In order to assess the possible environmental impact of oily cuttings discharged during oil exploration
activities, we studied the benthic foraminiferal faunas in a five-station, 4-km-long sampling transect
around a cuttings disposal site at about 670 m depth offshore Angola (W Africa), where drilling
activities started 1.5 years before sampling. Living (Rose Bengal stained) and dead foraminiferal
faunas were sampled in March 2006. The faunal patterns mirror the spatial distribution of
hydrocarbons, which are dispersed into a southeastern direction. Four different areas can be
distinguished on the basis of the investigated faunal parameters (density, diversity and species
composition of the living fauna, and comparison with subrecent dead faunas). The fauna at station
S31, 300 m SE of the oil cuttings disposal site, appears to be clearly impacted: the faunal density and
diversity are maximal, but evenness is minimal. Taxa sensitive to organic enrichment, such as
Uvigerina peregrina, Cancris auriculus and Cribrostomoides subglobosus, have largely disappeared,
whereas the low-oxygen-resistant taxon Chilostomella oolina and opportunistic buliminids and
bolivinids attain relatively high densities. At station S32, 500 m SE of the disposal site, environmental
impact is still perceptible. The faunal density is slightly increased, and U. peregrina, apparently the
most sensitive species, is still almost absent. The faunas found at 1 and 1.8 km SE of the disposal site
are apparently no longer impacted by the drill mud disposal. Faunal density and diversity are low, and
the faunal composition is typical for a mesotrophic to eutrophic upper slope environment. Finally,
Station S35, 2 km NW of the disposal site, contains an intermediate fauna, where both the low-
oxygen-resistant C. oolina and the more sensitive taxa (U. peregrina, C. auriculus and C.
subglobosus) are present. All taxa live close to the sediment—water interface here, indicating a
reduced oxygen penetration into the sediment. Since the hydrocarbon concentration is low at this
station, it appears that the faunal characteristics are the consequence of a slightly different
environmental setting, and not due to a contamination with drill cuttings. Our data underline the large
potential of benthic foraminifera as bio-indicators of anthropogenic enrichment in open marine settings,
such as caused by the disposal of oily drill cuttings. The foraminiferal faunas react essentially by a
density increase of a number of tolerant and/or opportunistic taxa, and a progressive disappearance of
more sensitive taxa in the most impacted area. Rather surprisingly, large-sized taxa appear to be more
sensitive than small-sized foraminiferal taxa.
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slope; W Africa
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1. Introduction

In the last decennia several methods for monitoring the impact of drill cuttings contamined
with oil-based drilling fluids on the benthic ecosystem in open marine environments have
been developed (e.g. Davies et al., 1984; Dicks et al., 1988; Gray et al., 1990; Daan et al.,
1994; Olsgard and Gray, 1995; Shimmield et al. 2000; Gage, 2001; Grant and Briggs, 2001;
Borja et al., 2003; Breuer et al., 2004; Dalmazzone et al., 2004; Durrieu and Bouzet, 2004;
Muxika et al., 2005; Durrieu at al., 2006; Gass and Roberts, 2006; Flaten et al., 2007; Olsen
et al., 2007). These methods are based on the analysis of benthic meiofauna and
macrofauna, on the physico-chemical analysis of the sediment and/or on ecotoxicological
tests on macrofauna, such as molluscs, annelids, crustaceans or nematodes. Theoretically,
pollution by oily drill cuttings may have various impacts on the marine environment:

The degradation in the benthic environment of the oil adhering to the drill cuttings will
increase the availability of organic compounds in the benthic ecosystem. This organic matter
may serve as food source for benthic organisms, either directly or after partial conversion by
bacterial consortia. Eutrophicated conditions will be the result, which may favour more
opportunistic taxa.

This increased organic load may also lead to a higher sediment oxygen demand, which can
eventually result in strongly hypoxic, or even anoxic conditions, especially in the immediate
vicinity of the disposal site. Such conditions will further increase the selective pressure on the
benthic faunas. Only taxa capable of anaerobic metabolism, or taxa having established
symbiotic relationships with anaerobic organisms, will be capable to survive in fully anoxic
conditions. Total anoxia may also lead to the presence of toxic sulphides at the sediment-
water interface.

In spite of the use of highly biodegradable oils with a low toxicity, the hydrocarbons used for
oil drill fluids may still contain some toxic components. In cases of strongly hypoxic or anoxic
conditions, with a presence of sulphides, the combination of various stress factors may
ultimately cause a total disappearance of the benthic fauna, including the most resistant
taxa.

In earlier studies, foraminifera have been used as bio-indicators of the environmental impact
of oil spills, on the inner continental shelf (Casey et al., 1980) as well as in intertidal areas
(Buckley et al., 1974; Vénec-Peyré et al., 1981; Morvan et al., 2004). Locklin and Maddocks
(1982) were the first to use benthic foraminifera as bio-indicators of the impact of oil
production platforms on the surrounding benthic environment. Their study on SW Louisiana
inner shelf (water depth 6 to 98 m) suggested a limited negative impact of the oil drilling
activities in this naturally stressed environment (Locklin and Maddocks, 1982). Recently, we
proposed the use of benthic foraminifera as bio-indicators of pollution by oily drill mud
disposal (Durrieu et al., 2006; Moijtahid et al., 2006). Our first studies, in continental shelf
environments, show that the foraminiferal faunas have a clear response to the stressed
conditions provoked by the introduction of hydrocarbons in the benthic environment and can
therefore be successfully applied as bio-indicators to estimate the impact of the discharge of
oily drill cuttings. After these very promising results on the continental shelf, the present
study aims to test the applicability of benthic foraminifera as bio-indicators of this type of
pollution in a much deeper upper continental slope setting.

In comparison to the most commonly used macrofaunal and meiofaunal organisms, benthic
foraminifera present several advantages for bio-monitoring purposes:

They are numerous in all marine environments, in upper slope settings attaining standing
stocks of several hundreds to thousands of individuals per 50 cc (e.g. Fontanier et al., 2002),
so that statistically significant assemblages can be collected in very small samples.

Benthic foraminiferal faunas are very diverse; 3000 to 4000 recent species exist (Murray,
2007), and up to 100 different taxa may be found at a single site. These various taxa occupy
very different ecological niches. The surface sediment may be inhabited by epifaunal filter
feeders, or by surface grazers, whereas deeper in the sediment, a succession of infaunal
deposit feeders may be found. In the case of an environmental impact, taxa with different



ecological strategies will respond in different ways, leading to important changes in the
composition and functioning of the foraminiferal faunas.

Foraminifera are among the few benthic organisms that leave an excellent fossil record. The
presence of such historical archives may be very useful in cases where no baseline study
has been performed before the onset of the polluting activities. In such cases, the subrecent
fossil fauna may be used to better know the natural fauna, and to determine which species
have disappeared and which other species have invaded the area since the onset of
pollution.

In the few areas impacted by drill mud disposal where benthic foraminifera have been
studied (Durrieu et al., 2006; Moijtahid et al., 2006), they respond in various ways to the
complex of stress factors:

Organic matter input generally may lead to a disappearance of the most sensitive taxa, and
to a strong frequency increase of a limited number of more opportunistic species. Overall
faunal density increases, and biodiversity will drop. In non eutrophicated environments,
benthic foraminifera show a species succession in the top 2 to 10 cm of the sediment (e.g.
Corliss, 1985; Jorissen, 1999). In case of eutrophication of the ecosystem, this microhabitat
succession is strongly compressed, and species that usually live in the dysoxic niches
deeper in the sediment may be found close to the sediment-water interface (e.g. Jorissen,
1999; Jorissen et al., 2007).

Most foraminiferal taxa are very tolerant to low oxygen conditions. Only at concentrations
below 1 ml/l (and perhaps as low as 0.5 ml/l), the least resistant taxa are no longer capable
to cope with hypoxia (e.g. Murray, 2001; Jorissen et al., 2007). Beyond this critical threshold
level, the most sensitive taxa start to disappear, and more resistant taxa progressively
dominate the faunas. Several deep infaunal taxa, which normally live in hypoxic or even
anoxic conditions at several cm depth in the sediment, have been shown to be capable of
anaerobic metabolism, and to respire nitrates (Risgaard-Petersen et al., 2006). In case of
strongly lowered oxygen concentrations, they will replace the less resistant taxa at the
sediment-water interface.

The impact of chemical pollutants on foraminiferal faunas is still poorly known. In a
laboratory study on the impact of oil on intertidal faunas, Ernst et al. (2006) showed that the
toxicity of the oil components may lead to an increased mortality of the foraminiferal faunas,
but that some species may also react by reproductive events, leading to a sudden rise of
their densities, and a strong increase of their relative frequencies. Whereas some authors
(e.g. Alve, 1991; Sharifi et al., 1991) have described an increased percentage of foraminifera
with test anomalies at sites polluted with heavy metals, other studies (e.g. Stubbles et al.,
1996) show that test anomalies do not systematically occur in such conditions, or suggest
that the test anomalies could rather be a response to salinity deviations (e.g. Coccioni, 2000;
Geslin et al., 2000; 2002).

Although in many studies on anthropogenic pollution, the foraminiferal faunas show a clear
response, it is evident that different species are responding in different settings (for examples
see Martin, 2000). In the naturally eutrophicated continental shelf environments off Gabon, in
front of the Ogooué river (Durrieu et al., 2006), the foraminiferal response to oily drill mud
disposal is not the same as at the more oligotrophic outer shelf site off Congo described by
Mojtahid et al., (2006). As a function of to the trophic conditions of the natural environment,
different species will dominate the natural, non-impacted, faunas at continental shelf and
slope sites. Eutrophication will lead to a selection of the taxa inhabiting these areas,
eliminating the more sensitive ones, and favouring the more tolerant, often opportunistic
taxa. In view of the large differences between faunas with different organic flux regimes (e.g.
De Rijk et al., 2000), it is evident that different indicator species of pollution have to be
selected for different areas. It is impossible to have a universal set of marker species, that
can be applied in very different ecological settings.

The aim of the present paper is to study, for the first time, the impact of the disposal of oily
drill muds on benthic foraminiferal faunas in an upper slope environment, and to investigate
whether these organisms can be used as bio-indicators of this type of pollution there. We
were especially interested to identify both the most tolerant and the most sensitive taxa with



respect to this type of environmental perturbation. For this purpose, we present here the
results of a study on the benthic foraminiferal faunas across a 5 stations transect around an
oil drill platform, at about 670 m depth, off Angola.

2. Material and methods

2.1. Study Area

The study area is located offshore Angola (NW Africa), in the Pazflor oil field, some 100 km
off N'Zeto. The disposal site is positioned close to platform Perpetua-2, at 7°31.53'S and
12°8.05’E, at a water depth of about 670 m. At this site, oil exploration activities started at the
end of 2004. Five stations, between 300 and 2000 m from the disposal site, were sampled in
March 2006 (Fig. 1).

The surface and shallow subsurface circulation in the study area is complex; it is dominated
by the interaction of the system of equatorial currents, undercurrents and counter currents.
The area is also under the influence of river runoff from the Congo River. The surface
hydrography (Fig. 1) is dominated by the Angola Current (AC) and the Benguela Coastal
Current (BCC). The AC flows southward along the African coast and is fed by the eastward-
flowing, shallow subsurface warm South Equatorial Counter Current (SECC). The AC and
BCC converge at approximately 15°S, where they form a strong temperature and productivity
gradient called the Angola-Benguela Front (ABF, see Uliana et al. 2002).

Oceanic and coastal upwelling cells, that vary strongly in time and space, are another major
hydrographic feature off West Africa. The coastal upwelling season extends from May to
September (Busalacchi and Picaut, 1983; Verstraete, 1985), with a secondary upwelling
period occurring in December. High coastal productivity (>450 g C m™ yr' according to
Wenzhofer and Glud, 2002) is restricted to a coastal area between 5 and 7°S (Lutjeharms
and Meeuwis, 1987), where primary production values above 1 g C/m%day are observed
(Oregon State University, Ocean Colour Site:
http/web.science.oregonstate.edu/ocean.productivity/index.php). Our sampling transect is
positioned at the southern border of this area. The relatively high primary production here is
assumed to be the result of the combination of coastal upwelling of subsurface oceanic
waters rich in nitrate and phosphate and nutrient input from the Congo River, that carries
large amounts of dissolved silica to the ocean (Van Bennekom and Berger, 1984; Schneider
et al., 1997). Hardman-Mountford et al. (2003) indicate that surface water chlorophyll-a
concentrations are high throughout the year, and show only minor seasonal variability. They
indicate that it is not clear to what extent this year-round chlorophyll-a maximum is an
artefact caused by the presence of sedimentary particles in the Congo River plume. The
silica concentrations in the surface waters determine the dominant group of primary
producers: diatoms are dominant in the river plume, whereas small dinoflagellates dominate
the phytoplanktonic communities in areas not influenced by river outflow (Cadée, 1978,
1984). Coccolithophores and dinoflagellates are major phytoplankton components in the
oceanic upwelling areas further to the south, off Angola (Shannon and Pillar, 1986).

The thermohaline circulation of the deeper water masses in the study area is strongly
controlled by the sea floor topography. The Angola Basin is mainly bathed by warm and
oxygen-rich North Atlantic Deep Water (NADW). The lower part of the NADW is mixed with
up to 20% of eastward flowing Lower Circumpolar Water (LCPW, the upper component of
Antarctic Bottom Water, AABW, see Braga et al., 2004), which is injected into the Angola
Basin trough deep gaps in the mid-Atlantic ridge system, such as the Walvis Ridge
(Schmiedl and Mackensen, 1997). Our 670 m deep site is bathed by the Antarctic
Intermediate Water (AAIW).



2.2. Sample preparation and benthic foraminiferal data

Samples were collected from 27 to 29 March 2006 at 5 stations around oil platform
Perpetua-2. Sampling was carried out with a Van Veen grab at about 670 m depth. Station
S31 to S34 are respectively positioned at 300 m, 500m, 1 km and 1,8 km south-east of the
disposal site, whereas station S35 is positioned 2 km north-west of the discharge point
(Table 1, Fig. 1).

Hydrocarbon percentages and barium concentrations were measured in order to describe
the dispersal of the oily drill muds. In fact, barium is added to the drill mud in order to
increase its specific density. Because of its very low reactivity (Dalmazzone et al. 2004), Ba-
concentration is a good marker for the spread of the drill muds at the seafloor.

For each station, the Van Veen grab was subsampled; a core with an inner diameter of 4 cm
(corresponding to a sampling surface of about 12.5 cm?) was collected and sliced every 0.5
cm until 3 cm depth and then every 1 cm until 7 cm depth. All samples were preserved in
95% ethanol with 1 g/l Rose Bengal to distinguish between live and dead specimens
(Walton, 1952). In the laboratory, the collected samples were sieved over 63 and 150 pum
meshes. Since the residues in both size fractions (63-150 um and > 150 um fraction) were
particularly voluminous, the foraminiferal assemblages were concentrated by density
separation using trichloroethylene (D = 1,46). This method, for which the efficiency was
tested by Mojtahid et al. (2006), was necessary because of the presence of a large amount
of faecal pellets and glauconitic grains that strongly diluted the foraminiferal assemblages.
Live foraminiferal faunas were picked and inventoried, separately for the >150 pm and 63-
150 um fractions, in the top 3 cm of the sediment. Entire samples were examined under wet
conditions (~50% ethanol, ~50% water), and all brightly stained specimens were picked,
determined and counted. For all stations, the density of the total faunas and of individual
species, the species richness (number of species) and several diversity indices were
calculated (species diversity S, natural log based Shannon-Wiener index H, evenness E,
after Hayek and Buzas, 1997). Foraminiferal densities were standardised for a 10 cm?
surface area. We chose this specific area because it is close to the sampled surface of about
12.5 cm? In order to determine the similarity of pairs of samples, we used Renkonen’s
Percent Similarity Index (Renkonen, 1938; see also Krebs, 1998), which is expressed as:

Sg = Zmin(pli’ Psi)
i1

where py; is the percentage of species i in sample 1 and p2; is the percentage of species i in
sample 2. In fact, this is exactly the opposite as the Bray-Curtis percentage difference (Bray-
Curtis, 1957). In order to determine the significance of his Renkonen index values, Sanders
(1960) made an inventory of average values of the Renkonen index in other studies. These
average values (for all tested pairs of samples in each study) varied from 24 to 55. It appears
therefore that a percentage overlap above 50 indicates a high degree of similarity.

The total density of the living foraminiferal faunas has been determined by summing up the
number of individuals for all levels between 0 and 3 cm depth. In order to compare our data
with those of other studies, total faunal densities have been standardised for a 10 cm?
surface area. This specific value has been chosen because it is close to the sampled
sediment surface (of 12.5 cm?), so that density differences between samples are real, and
not biased by extrapolation to a much larger surface.

The dead assemblages of the >150 um size fraction were studied for the 2-3 cm interval. We
selected this interval for two reasons: 1) because it is very probably positioned below the
layer of drill cuttings, which according to modelling results should have a thickness of less
than 1 cm at all stations, and 2) because at this depth deeper infaunal taxa, which may live at
several cm depth in the sediment, will not be under-represented in the dead fauna, such as
may be the case in more superficial sediment levels (Loubere, 1989). We decided not to
analyse the dead faunas of the 63-150 pm fraction, because dead tests from this size
fraction are particularly sensitive to transport by bottom currents. Samples were dried and
complete samples were picked for each station. In order to compare living and dead



assemblages, all non-fossilising arenaceous taxa were omitted from the living and dead data
sets. Since the densities of these taxa, that are not preserved, decrease rapidly to deeper
sediment-layers (Bizon and Bizon, 1985; De Stigter et al., 1998), recent and dead faunas can
only be compared directly if the non-fossilising taxa are excluded from the countings. After
doing so, relative frequencies were calculated for all taxa on the basis of the corrected data
sets. Finally, the percentage of living foraminifera (n° living /(n° living + n° dead individuals))
was calculated for all taxa.

The density and composition of the living assemblages give information about the current
ecological conditions and about potential adaptations of the faunas to changes in physico-
chemical environmental parameters due to drill mud disposal. The dead assemblages
constitute probably a mixture of pre-impact faunas and faunas that inhabited the area during
the 1.5 years following the onset of oil drilling activities. The comparison of living and dead
assemblages can therefore make it possible to recognize species indicative of the impact of
oil drilling operations. Species that are found in the dead faunas, but that are absent, or
infrequent, in the living faunas, may have disappeared because they do not tolerate the
present anthropogenic environmental stress. Inversely, species that are much richer in the
living than in the dead faunas may be favoured by the environmental impact due to drill
cutting disposal. However, it should be kept in mind that also preservational differences
between species, and different life strategies, can be responsible for important differences
between living and time-averaged dead faunas (e.g. Murray, 1991; Jorissen and Wittling,
1999).

3. Results

3.1. Sediment geochemistry

The sediments are everywhere constituted of silty muds, extremely rich in faecal pellets and
glauconitic grains. The sedimentary organic carbon content varies from 3.8 to 4.1%, without
a clear trend. The C/N ratio varies from 6.8 to 8.5, indicating a predominantly marine
signature. The redox potential at the sediment surface is about 100 mV at all 5 stations,
suggesting a well oxygenated sediment-water interface (Sutherland et al., 2007).
Hydrocarbon and barium concentrations are shown on Fig. 2 and listed in Table 2. Total
hydrocarbon concentration is maximum (~ 9.8 mg g™ dry weight) at station S31, nearest to
the disposal site, and rapidly decreases with increasing distance from the well. The
background hydrocarbon values, found beyond 1 km from the disposal sites, are about 1 mg
g* dry weight. The same tendency is shown by the labile fraction of the hydrocarbon (nC13,
nC15, nC16, nC17, nC19, nC20), who exhibits a maximum value (94 pg g* dry weight) at
station S31 and background levels of 10-20 pg g™ at all stations more than 1 km away from
the disposal site (Table 2).

The barium concentrations show a slightly different pattern (Table 2). Values around 0.5 mg
g’ dry weight are found at all 4 stations SW of the disposal site (including station S34 at a
distance of 2 km). At station S35, on the contrary, the barium concentration is significantly
lower (about 0.27 mg g™).

3.2. Living foraminiferal faunas

A total of 86 species was distinguished in the >150 um and 63-150 um size fractions
(Appendix 1-2). Species provided with hyaline calcareous and agglutinated tests are present
in about similar proportions, while species with a porcelaneous test are always very rare or
even absent. In the >150um fraction, the total number of individuals found in the uppermost 3
cm of the sediment (investigated sediment surface = 12.5 cm?, total volume = 37,7 cm®)
shows a conspicuous maximum of about 200 individuals at station S31, 300 m SE of the
disposal site (Fig. 3a). This corresponds to about 160 individuals per 10 cm?. With increasing



distance from the disposal site, foraminiferal numbers rapidly drop to about 75 (~60
specimens per 10 cm?) at station S32 (500 m SE of the disposal site) and about 25 (20
specimens per 10 cm?) at station S34 (1.8 km SE of the disposal site). Also towards the
northwest, the faunal density decreases, to about 60 individuals (about 50 individuals per
1OCm2) at station S35, at 2 km distance.

In the 63—-150 um fraction the total absolute number of individuals tends to be higher (Fig.
3b) than in the larger fraction, with a maximum of about 215 specimens (~170 specimens per
10cm?) at station 31. Foraminiferal densities are relatively high (140-190 individuals, ~100-
150 individuals per 10cm?) at stations S32 and S33, 0.5 and 1 km SW of the disposal site,
respectively. The lowest values (~40 individuals, or about 30 specimens per 10 cm?) are
found at station 34, 1.8 km SE of the disposal site. At station S35, at 2 km NW of the
disposal site, about 110 individuals are found (~85 specimens per 10cm?).

The diversity indices (species richness S, Shannon-Wiener index H and evenness E) for the
>150um and 63-150 um fractions are shown on figure 4. In both fractions the species
richness attains a maximum value at station S31 (39 for the > 150 um fraction and 36 for the
63-150 um fraction, respectively). Except for station S31, close to the disposal site, the
species richness is everywhere slightly higher in the 63-150 um fraction than in the >150 pum
fraction. To the SE and to the NW, the species richness decreases progressively with
increasing distance from the disposal site. Minimum value of 10 and 20 species, respectively,
are found in the >150 pm and 63-150 um fractions of station S34.

In the >150 um fraction of station S31 (Fig. 4a), the Shannon—Wiener index is maximal (30),
whereas the evenness (Hayek and Buzas, 1997) is minimal (0.5). In both directions (to the
NW and SE), the evenness slightly decreases (to a minimum of 19 at station S34, 1.8 km to
the SE). Inversely, evenness progressively increases in both directions, and attains
maximum values of about 0.75 at stations S35 and 0.70 at station S34, 2 km NW and 1.8 km
SE of the disposal site, respectively.

The diversity patterns for the 63-150 um size fraction are more complex. The
Shannon-Wiener index varies from 28 to 21, with a maximum at station 31, and a minimum
at station S35 (Fig. 4b) The evenness shows a strong maximum (of 0.7) at station S34, 1.8
km SE of the disposal site. For all other stations the Shannon-Wiener index varies between
0.4 and 0.5.

In the >150 um fraction the dominant species are Bolivina albatrossi, Bulimina
aculeata/marginata, Cancris auriculus, Chilostomella oolina, Cribrostomoides subglobosus,
Globobulimina affinis, Karreriella bradyi, Reophax scorpiurus and Uvigerina peregrina (Fig. 5;
appendix 1). The absolute and relative densities of these taxa vary as a function of the
distance to the disposal site. At station S31, nearest to the disposal site (300 m NE), the
faunal assemblage is dominated by Reophax scorpiurus (~15 %) Chilostomella oolina
(~13%), Karreriella bradyi (~11%), and Globobulimina affinis (~11%). To the south-east
(stations S32- S33 -S34) Reophax scorpiurus decreases slightly, and attains a minimum
value of ~5% at S32. Chilostomella oolina is absent at all other stations, except for some
specimens found at station S35. Karreriella bradyi is a dominant faunal element at stations
S32 (~21%) and S34 (32%). Globobulimina affinis is present with comparable percentages
(8-18%) at all stations, without a clear trend.

Uvigerina peregrina, which is rare at station S31 (2%), shows a very clear increase towards
the stations farther away of the disposal site, and attains a maximum of 24% at station S34.
Also Cancris auriculus (1%) and Cribrostomoides subglobosus (1%) show minimal
percentage values at station S31, close to the disposal site. Cancris auriculus shows a clear
increase in SE direction (12-19% at stations S32-S34), but a slightly lower value (7%) at
station S35, 2 km NW of the disposal site. The agglutinated taxon Cribrostomoides
subglobosus shows a comparable trend, with maximum densities at stations S32 and S33
(18% and 9.5%, respectively), and slightly lower values (~4%) at the two farthest stations.

At station S35, 2 km NW of the disposal site, the fauna is dominated by Globobulimina affinis
(18%), Uvigerina peregrina (13%) and Reophax scorpiurus (12%). The fauna of this station
shows some resemblance with that of station S31. In particular, the species Bolivina
albatrossi (7%) and Chilostomella oolina (5%) are only present at these two stations.



The main species of 63-150 pm fraction are Bolivina albatrossi, Bolivina pseudoplicata,
Brizalina earlandi, Bulimina rostrata, Gyroidinoides orbicularis and Nuttallides pusillus (Fig. 6;
Appendix 2). The fauna contains some juvenile specimens of taxa mainly found in the >150
m fraction, such as Bulimina marginata, Cancris auriculus and Uvigerina peregrina, but is
mainly composed of adult representatives of a number of small-sized taxa.

At station S31, closest to the disposal site, Bulimina albatrossi shows a higher value (~8%)
than at the other south-eastern stations (average ~3%); it is even absent at station S35, 2
km NW of the disposal site. Also Bolivina pseudoplicata (~8%) and Bulimina rostrata (~6%)
are richer at station S31 than at all others stations.

Bolivina spathulata, present at all stations, attains a maximum value at station S35 (~27%).
At the stations between 300 and 1000 m from the disposal site (S31-S33), its percentage
varies from 10 to 15%. Nuttallides pusillus and Gyroidinoides orbicularis are present at all
stations with a maximum at station S33 (~40% and 15% respectively).

When considering the vertical distribution in the superficial sediment (microhabitat), it can be
observed that at station S31, 300 m4 SE of the disposal site, the fauna of the >150 pm
fraction is strongly concentrated in the upper 1 cm of the sediment (Fig. 5). In the next two
south-eastern stations (S32 and S33), living specimens are found down to a depth of two cm.
At station S34, 1.8 km SE of the disposal site, living foraminifera are again largely limited to
the topmost cm. At station S35, 2 km NW of the disposal site, the fauna shows a strong
maximum in the first 0.5 cm, but low densities of living specimens are found down to 2.5 cm
depth.

The fauna of the 63-150 um fraction shows a much more homogeneous vertical distribution
in the topmost 2 to 3 cm (Fig. 6). At station S31, the abundant living fauna shows a density
maximum between 0.5 and 1 cm depth. A similar infaunal maximum can be observed at
station S32. The two most distal stations (S34 and S35), on the contrary, show a maximum
density in the topmost level. At station S31 the maximum abundance of Bolivina spathulata,
which at all other stations is found in the first half centimetre, is found between 0.5 and 1 cm
depth. The vertical distribution of Bulimina rostrata is interesting: at stations S31 to S33 (300
m to 1000 m from the disposal site) this species is concentrated in the upper 1 to 2 cm,
whereas at stations S 34 and S35, farthest away from the disposal site, it is mainly found in
the 0-0.5 cm interval.

Finally, we have compared the faunal composition at our five stations by using the Renkonen
percent similarity index (Table 3). Values above 50% indicate a high degree of similarity
(Sanders, 1960). For the >150 um fraction faunas, a rather high similarity (from 53 to 62) was
found between stations S32, S33 and S34, positioned between 500 and 2000 m SE of the
disposal site (Table 3a). Rather surprisingly, also station S31, nearest to the disposal site,
and S35, (2000 m NW of the disposal site, show a relatively high Renkonen index, of about
53, indicative of a fairly high degree of similarity between the faunas of these two stations. In
the 63 - 150 um fraction faunas, all stations exhibit fairly high similarity indices (47-70, Table
3b).

3.3. Dead foraminiferal faunas

The dead foraminiferal faunas have exclusively been studied in the >150 um fraction, in the
2-3 cm depth level. Overall, 68 different taxa have been identified (Appendix 3). All dead
faunas are strongly dominated by Bulimina aculeata/marginata, Bolivina spathulata and
Uvigerina peregrina. These taxa are accompanied by significant quantities of Bolivina
albatrossi, Bulimina inflata/costata, Chilostomella oolina and Globobulimina affinis (Fig. 7).
The Renkonen percent similarity index (Table 4a) is always very high (>77), indicating a very
high similarity of the composition of the dead foraminiferal faunas. Only minor differences
exist between our five sampling stations: Globobulimina affinis shows a relative frequency
increase (from 2.5-4% to about 7%) at the north-western station S35, whereas Bolivina
albatrossi is slightly enriched (~9%) at station S32.



At station S31, closest to the disposal site, we analysed the composition of the dead
foraminiferal faunas for 5 different depth levels, between 1 and 7 cm depth in the sediment
(Appendix 3). Again, Renkonen’s percent similarity index is always very high (>68), showing
a very high similarity in the faunal composition of the 5 investigated depth levels (Table 4b).
At all levels, Bulimina aculeata/marginata (20-26%), Bolivina spathulata (10-21%) and
Uvigerina peregrina (13-23%) are the most abundant species. Bulimina inflata/costata,
Bolivina albatrossi and Globobulimina affinis are always represent < 10% of the assemblage.
We calculated living/total (living + dead) ratios for all species occurring with a relative
proportion above 5% in the dead or living assemblage (Table 5). Non-fossilising agglutinated
taxa (e.g. Cribrostomoides spp., Reophax spp.) were omitted from the data tables before
calculation of L/T-ratios, because of the rapid disintegration of their test after death. On the
basis of the L/T-ratios presented in Table 5, three different patterns can be distinguished:
When they are present both in the living and dead faunas, Chilostomella oolina,
Globobulimina affinis, Cancris auriculus, Bolivina albatrossi and Karreriella bradyi are always
much richer in the living than in the dead fauna (L/T >60%).

Bolivina spathulata, Bolivina inflata/costata and Bulimina aculeata/marginata are always
much richer in the dead than in the living assemblages.

Finally, Uvigerina peregrina has comparable relative densities in the living and dead faunas
at stations at 1 km or more from the disposal site, whereas it is much richer in the dead fauna
in the two stations (S31, S32) closest to the disposal site.

4. Discussion

4.1. Sediment geochemistry

The sediment at our 670 m deep oil drill mud disposal site is characterised by elevated
concentrations of barium and hydrocarbons. Barium is a major component of most drilling
fluids, is more or less inert in the marine environment, and can therefore be used as a
passive tracer of drill mud dispersal. Hydrocarbons are responsible for an eutrophication of
the benthic environment. Their more labile components will rapidly be degraded in the oxic
environments at the sediment-water interface and in the uppermost sediment layers, thereby
causing a significant increase of the sediment oxygen demand. The more refractory, less
bioavailable components may be partially degraded by anaerobic mechanisms deeper in the
sediment. The toxicity of some of the hydrocarbon components may be an additional factor
of environmental stress, making the environmental conditions particularly unfavourable for
the benthic fauna.

The distribution patterns of total hydrocarbons and barium (Fig. 2) suggest a dispersal of the
drill muds in south-eastern direction. The fairly high barium concentrations, of about 0.5 mg/g
dry weight, found up to 1.8 km SE of the oil platform, suggest long distance transport of this
material by bottom currents. Hydrocarbon concentrations decrease more rapidly with
increasing distance from the disposal site. At 1 km to the southeast, values have dropped to
the background level. The rapid decrease of hydrocarbon concentrations to the southeast,
which contrasts with the pattern shown by the barium concentrations, is probably due to the
rapid degradation of most of the hydrocarbons shortly after their disposal. Such a rapid
degradation can be expected for the highly biodegradable oils used at this exploration site.

4.2. Foraminiferal faunas: density

The samples used for our foraminiferal study were taken with a Van Veen grab. This is not
the ideal tool to sample undisturbed deep-sea sediments (e.g. Bett et al., 1994). The bow
wave effect and washout during the rise of the sampling gear through the water column may
lead to a partial loss of the superficial sediment in which many of the foraminifera dwell. This
phenomenon would lead to decreased faunal densities, which would affect surface dwelling-



dwelling species more than infaunal taxa. In order to see whether such a phenomenon has
caused a severe decrease of faunal densities in our samples, we will in the following
paragraphs compare our faunal densities with data observed in other areas in similar
settings.

Another problem is the fact that our study is based on unreplicated samples of a fairly small
surface area (about 12.5 cm?). In order to avoid over-interpreting our data, we did not
extrapolate our data to a larger surface area, but standardised our data for a 10 cm? surface.
Furthermore, because our data are based on the study of a fairly small surface, we
consistently tried to be conservative in our interpretations.

The observed foraminiferal densities for the >150 um fraction (Fig. 3) mirror the total
hydrocarbon distribution (Fig. 2). The total foraminiferal density at the stations located 1 to 2
km away from the disposal site varies from 20 to 50 individuals per 10 cm?% at 300 m SE of
the disposal site a maximum foraminiferal density of 160 individuals per 10cm? is observed.
Our background values (stations S33, S34 and S35) are comparable to the densities of 30 to
60 individuals per 10 cm? observed by Licari and Mackensen (2005) at upper slope stations
in the northern Angola Basin (latitude 0°-10° S). They are lower than the foraminiferal
densities exceeding 100 individuals per 10 cm? observed by Schmiedl et al. (1997) in shelf
and upper continental slope environments off southwest Africa. Fontanier et al. (2003; 2006),
who studied the seasonal variability of benthic foraminifera at two open slope stations in the
Bay of Biscay (NE Atlantic) found densities from 35 to 200 individuals per 10 cm? at a 550 m
deep station and from 25 to 90 individuals per 10 cm? at a 1000 m deep station. Maximal
densities were found shortly after major phytoplankton blooms in the surface waters.
Summarizing, the comparison of our foraminiferal densities with those of comparable areas
shows that our background values fall within the range of described literature data, and are
situated at the lower end of this range. The density of 150 foraminifera per 10 cm?, observed
300 m southeast of the disposal site, on the contrary, corresponds to the highest values
described in the literature for comparable upper slope settings. In natural conditions, such
values are only reached after major surface phytoplankton blooms, and the subsequent
transport of the phytoplankton remains to the ocean floor (Fontanier et al., 2006). It appears
that in our study area, the strongly increased faunal density close to the disposal site is the
result of a strongly localized ecosystem eutrophication, due to the introduction of important
amounts of hydrocarbons adhering to the drill muds. A similar phenomenon has been
described by Mojtahid et al. (2006), who observed maximum densities (170 individuals per
10 cm?, compared to background values of 6 to 40 individuals per 10 cm? at a station
impacted by drill cutting disposal at the outer continental shelf off Congo.

Much less literature data are available on the foraminiferal densities of the 63-150 um
fraction. Fontanier et al. (2003, 2006) studied the foraminiferal faunas in this size fraction in
the uppermost 0.5 cm of the sediment at upper slope settings in the Bay of Biscay, between
October 1997 and may 2000. At 550 m depth, they describe maximum values of 300
individuals per 10 cm? during eutrophic periods (spring and autumn bloom), which strongly
contrast with minimum values of only 5-10 individuals per 10 cm?® At 1000 m depth,
foraminiferal densities vary from about 10 to 150 individuals per 10 cm?. Duchemin et al.,
(2007), who studied the foraminiferal fauna in the uppermost 1 cm at the same two stations
in May 2004 (after the spring phytoplankton bloom), found densities of ~400 and ~140
individuals per 10 cm? at 550 m and 1000 m depth, respectively. Since in our study, the
large majority of the living specimens of the 63-150 um fraction are found in the topmost cm,
we can compare our results with those described in the afore-mentioned studies (Fontanier
et al., 2003; 2006; Duchemin et al. 2007). Our lowest values, of ~30 and ~85 specimens per
10 cm?, found at stations at about 2 km from the disposal site, are higher than the minimal
values described in the earlier studies. Our maximum values, of 100 to 170 individuals per 10
cm?, on the contrary, are lower than the foraminiferal densities recorded after phytoplankton
bloom periods. Again, our highest foraminiferal densities in the vicinity of the disposal site
appear to be a response to localized ecosystem eutrophication.

Summarising, it appears that our faunal densities are in both size fractions
comparable with those found in areas with a similar oceanographic setting. This suggests
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that our data are not seriously biased due to a loss of superficial sediment by sampling with a
Van Veen grab.

4.3. Foraminiferal faunas: diversity

In the >150 um fraction, both the species number and the Shannon-Wiener index indicate a
maximum faunal diversity at station S31, 300 m southeast of the disposal site. Both indices
decrease with increasing distance from the disposal site. The evenness shows an inverse
trend; it is minimal at station S31, and increases towards the northwest and southeast. The
low evenness close to the disposal site indicates that the faunas are strongly dominated by a
limited number of species there. The increased species number and Shannon-Wiener index
suggest that at station S31, local eutrophication has favoured the arrival of some more
opportunistic taxa, but conditions are apparently not enough stressed to cause the
disappearance of the more sensitive taxa of the baseline fauna. A similar situation, with
maximum diversity values being found at moderately impacted sites, has earlier been
described by Pearson and Rosenberg (1978) for macrofauna at a sewage disposal site in the
Firth of Clyde (Scotland). More recently, Muxika et al., (2005), who tested the suitability of a
marine biotic index based on macrobenthos (AMBI) for monitoring the impact of oil drilling
activities, observed a similar trend at several continental shelf sites in the central and
northern North Sea, at 100 to 150 m depth.

The faunal diversity indices calculated on the basis of the composition of the 63-150 um
fraction show a more or less similar pattern. Both the species diversity and Shannon-Wiener
index are maximal at station S31, but differences between stations are smaller than in the
larger size fraction. Rather surprisingly, evenness is maximal at station S34, 2 km southeast
of the disposal site.

4.4. Foraminiferal faunas: species composition and vertical distribution

At stations S33 and S34, positioned respectively 1 and 2 km SE of the disposal site, the
faunas of the >150 pm fraction are dominated by Uvigerina peregrina, Karreriella bradyi,
Cancris auriculus, Globobulimina affinis and Cribrostomoides subglobosus, whereas
Nuttallides pusillus, Bolivina spathulata, Brizalina earlandi and Gyroidinoides orbicularis
dominate the 63-150 pum fraction. All these taxa are typical of upper continental slope
environments. At station S31, 300 m SE of the disposal site, where the faunal density is
maximal, U. peregrina, C. auriculus and C. subglobosus have almost disappeared, whereas
Chilostomella oolina, Reophax scorpiurus (both > 150 um fraction), Bolivina albatrossi and
Bolivina pseudoplicata (both 63-150 um fraction) have become dominant faunal elements. C.
oolina is totally absent at all other stations SE of the disposal site. The fauna of stations S32,
500 m SE of the disposal site, shows intermediate characteristics. Although the relative
frequency of U. peregrina is already low (4% in comparison to 14-24% observed at stations
S33 and S34), C. auriculus is still present with a high relative frequency. The maximum
percentage of C. subglobosus at this station is remarkable. Also the faunal composition at
station S35, 2 km NW of the disposal site, shows somewhat intermediate characteristics.
Because of the presence of C. oolina and the low percentages of C. auriculus and C.
subglobosus, the faunas resemble those of station S31, but the elevated percentage of U.
peregrina and the low relative frequencies of B. albatrossi and B. pseudoplicata are more
similar to the faunas found at stations S33 and S34.

These results are confirmed by the Renkonen percent similarity index. For the >150
pum fraction, stations S32, S33 and S34 show a high similarity, and a fairly low similarity with
the faunas of station S31. Station S35 is the only one to show a fairly high similarity with
station S31. The generally much higher Renkonen indices in the 63-150 um fraction indicate
that the faunas of this smaller size fraction are much more similar than those of the large size
fraction. This could indicate that large-sized taxa are more sensitive to this type of
environmental impact than the small-sized taxa.
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The data on the vertical distribution of the foraminiferal faunas in the topmost sediment show
that the >150 um fraction has a maximum density in the topmost 1 cm at all stations. Only at
station S35, the second half cm (0.5- 1.0 cm depth) shows already a very strong frequency
decrease. In the 63-150 pum fraction, the surface maximum is less obvious, but still distinct at
stations S31 (top 1 cm), S34 and S35 (both top 0.5 cm). A more homogenized distribution,
with about equal foraminiferal densities down to about 2 cm depth, can be seen at stations
S32 and S33. The strong concentration of living foraminifera in the topmost 0.5 cm at station
S35, 2 km NW of the disposal site, could reflect a very shallow position of the zero oxygen
level, which limits the vertical penetration of most taxa (Jorissen et al., 1995; 2007). The fact
that at the four other stations, maximum densities are found in the two uppermost levels (0-
0.5 and 0.5-1 cm depth) suggests that oxygen penetration is slightly deeper there. This
would point to a slightly different environmental setting at the north-western station S35,
which could partly explain some of the common features between the faunas at this station
and at station S31.

4.5. Dead foraminiferal assemblages

In contrast to the living assemblages, which represent a snapshot of the foraminiferal faunas
in a particular environmental context, that may vary considerably over short periods of time,
the dead assemblages give a time-averaged image of the foraminiferal faunas. In
comparison with the living faunas, the dead faunas will have been transformed by
taphonomical losses, that affect some taxa much more than others (Denne and Sen Gupta,
1989. Jorissen and Wittling, 1998). In particular, most of the agglutinated taxa disappear
rapidly over time (Bizon and Bizon, 1985). Taphonomical differences may also affect taxa
with calcareous tests, with robust, thick-walled taxa being much better preserved than very
fragile thin-walled species (Murray, 1991). Unfortunately, we have no data on the sediment
accumulation rate, and we do not know the exact thickness of the deposited layer of drill
cuttings either. In comparable upper slope settings, accumulation rates of 4 to 15 cm/ky™
have been calculated (Giraudeau et al., 1998). If we hypothesise a similar sedimentation rate
for our station, then the 2 to 3 cm depth level, for which we studied the composition of the
dead faunas, would contain a mixture of specimens deposited between 10 and 50 years ago,
perhaps partially mixed with more recent tests introduced by macrofaunal bioturbation. In
view of the quantity of deposited drill cuttings, and their modelled dispersal at this 570 m
deep site (during their fall though the water column and after their arrival on the sea floor),
the thickness of the layer of drill cuttings should be less than 1 cm everywhere. At station
S35, where Ba-contents are minimal, there has probably been no deposit of drill cuttings.
The dead fauna at 2-3 cm depth should therefore mainly contain the remains of foraminifera
which have been living in the area before the onset of the oil exploration activities.

The dead faunas of the >150 um fraction are at all stations strongly dominated by Bulimina
aculeata/marginata, Uvigerina peregrina and Bolivina spathulata. Of these three taxa, only U.
peregrina is also a dominant element in the living fauna. The other taxa that dominate the
living faunas, Cancris auriculus, Chilostomella oolina, Globobulimina affinis, Cribrostomoides
subglobosus and Karreriella bradyi are all low frequent in the dead faunas. Several factors
can explain these important differences. As shown by Bizon and Bizon (1985), the tests of
many agglutinant taxa decompose rapidly after the death of the organisms. This
phenomenon may explain the low percentages of all agglutinated taxa (including C.
subglobosus and K. bradyi) in the dead faunas. The relatively low frequencies of the infaunal
taxa C. oolina and G. affinis in the dead faunas may be due to the fragile character of their
thin tests. However, such an explanation can not explain the very surprising near-absence of
the very robust C. auriculus in the dead faunas, contrasting with its high relative frequency
(until 19%) in the living faunas. It may be that our sampling in March 2006 coincided with a
reproductive event of this species, thus explaining the elevated densities of this taxon, which
is normally relatively low frequent in comparable environments (Fontanier et al., 2003).

The relative poverty of B. aculeata/marginata and B. spathulata in the living faunas suggests
that the productive periods of these taxa are not represented by our snapshot sampling in
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March 2006. It is also possible that the high relative abundance of these taxa in the dead
faunas is caused by an admixture of tests originating from upper slope or outer shelf
environments, due to down-slope transport. The fact that B. aculeata/marginata and B.
spathulata are both high productivity taxa, which can occur in high amounts in organic-rich
sediments of continental shelf sites (e.g. Jorissen, 1987; Barmawidjaja et al., 1992; Jorissen
et al., 1992) strengthens this possibility.

The overall composition of the dead faunas yields some additional evidence with respect to
the inferred sensitivity and/or tolerance of the dominant taxa with respect to environmental
impact due to drill mud disposal. Uvigerina peregrina, apparently the most sensitive taxon, is
frequent in the dead faunas of all stations, including that of station S31, 300 m SE of the
disposal site. At this station, the contrast between the poverty of U. peregrina in the living
faunas and its elevated percentage in the dead faunas strongly suggests that this species
has disappeared after the onset of drill cutting disposal. Chilostomella oolina, which shows a
clear frequency increase in the living fauna of station S31, is present with percentages from 2
to 5% in the dead faunas of all stations. This suggests that C. oolina is strongly favoured by
the environmental impact close to the disposal site, where it develops a dense population.
The absence of a clear geographical trend in the dead faunas (the Renkonen index is always
superior to 75) confirms that the dead faunas collected in the 2-3 depth interval are at all
stations representative for the faunas which were present before the onset of drill cutting
disposal, 1.5 years before sampling.

At station S31, where we investigated the composition of the dead faunas in 5 different levels
between 1 and 7 cm depth, no significant vertical changes could be detected. Also these
results confirm that the dead faunas of the 2-3 cm level are at all stations mainly composed
of foraminifera deposited before the onset of drill mud disposal. Apparently, very few tests
produced during the 1.5 years between the onset of oil exploration at the end of 2004, and
our sampling in March 2006, have been added to the dead faunas at 2-3 cm depth.

4.6. Impact of oil drill mud disposal on the foraminiferal faunas.

From the investigated faunal parameters (density, diversity and species composition
of the living and dead faunas), a clear picture arises of a significant environmental impact of
drill mud disposal at station S31, 300 m SE of the disposal site. This station is characterised
by an increased density and species diversity, a lower evenness, a strong density decrease
of some less resistant taxa (Uvigerina peregrina, Cancris auriculus and Cribrostomoides
subglobosus) and the arrival (Chilostomella oolina) or frequency increase (Reophax
scorpiurus) of more tolerant species. At station S32, 500 m SE of the disposal site, the fauna
shows some intermediate features, which could be indicative of the presence of still some
environmental stress, whereas the faunas of stations S33 and S34, 1 and 2 km from the
disposal site, respectively, appear to represent the background faunas. The faunas of station
S35, where the sediment oxygen penetration appears to be less important, suggest a slightly
different sedimentological context, which complicates the comparison with the faunas of the
four other stations.

On the basis of the hypothesis of a maximal environmental impact at station S31, a
moderate but still visible impact at station 32 and background faunas at stations S33 and
S34, we can determine the most sensitive species with respect to this type of environmental
impact, and also the more tolerant taxa, which are favoured by this type of phenomenon. The
tendencies shown by the relative frequencies in the living faunas suggest that among the
dominant taxa, Uvigerina peregrina, which shows a strongly decreased percentage at
stations S31 and S32, is most sensitive to the disposal of drill mud cuttings. Cancris
auriculus and Cribrostomoides subglobosus, which are still frequent at station S32, but
almost absent at station S31, appear to be slightly less sensitive. Chilostomella oolina, which
is absent at stations S32 to S34, but accounts for 13% of the fauna at station S31, appears
to be strongly favoured by the environmental impact. Also Reophax scorpiurus, Bolivina
albatrossi, Bolivina pseudoplicata and Bulimina rostrata, that all attain maximal relative
frequencies at station S31, could be favoured by drill cutting disposal. These taxa could profit
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from the reduced competitive ability of more sensitive taxa, in order to take over part of the
ecological niches occupied by these taxa under natural conditions.

Uvigerina peregrina, a shallow infaunal species living close to the sediment—water interface,
has been described in a wide range of mesotrophic to eutrophic continental slope settings
(e.g. Lutze and Coulbourne, 1984; Corliss, 1985; Lutze, 1986; Corliss and Emerson, 1990;
Corliss, 1991; Mackensen et al., 1995; Schmiedl and Mackensen, 1997; Jannink et al., 1998;
Kuhnt et al., 1999; De Rijk et al., 2000 ; Schmiedl et al., 2000; Morigi et al., 2001 ; Huang et
al.,, 2002; Fontanier et al., 2003). In the southern Angola Basin and Cape Basin, U.
peregrina occurs preferentially in TOC-rich (> 1%) sediments from the upper slope,
characterized by moderate (> 2 ml/l) oxygen deficiency (Schmiedl et al., 1997). Licari and
Mackensen (2005) suggest that the Uvigerina peregrina-dominated faunas of the upper
slope in the tropical part of the eastern South Atlantic are adapted to seasonally high fluxes
of marine phytodetritus, and tolerate low-quality organic matter from marine and/or terrestrial
origin. U. peregrina may therefore be adapted to more degraded organic matter and lower
food levels than typical high-productivity species such as Bulimina spp. and Bolivina spp.
However, at a 550 m deep station in the Bay of Biscay, U. peregrina shows a particularly
strong reproductive and growth response to the disposal of phytodetritus deposits, and it is
less abundant during periods without an important supply of fresh organic matter (Fontanier
et al., 2003; 2006). On the outer continental shelf off Congo, Mojtahid et al. (2006) find high
percentages of U. peregrina in the dead faunas, which contrast with very low densities in the
living fauna. They suggest therefore that this taxon could reproduce after periods of strong
primary production in the surface waters, which may be induced by seasonal upwelling
events.

Cancris auriculus, an epifaunal species, is recorded in environments characterized by
seasonal upwelling leading to the combination of a high organic flux and moderate oxygen
deficiency (e.g. Le Calvez, 1972; Altenbach et al., 1999, Paez et al., 2001, Diz et al., 2004).
Cribrostomoides subglobosus, a shallow infaunal species, can react rapidly to organic flux
events (Linke and Lutze, 1992). It has been suggested that the occurrence of C. subglobosus
indicates low but episodic fluxes of fresh organic material to the seafloor (Struck, 1995,
Harloff and Mackensen, 1997).

The high abundance of these three taxa (U. peregrina, C. auriculus, C. subglobosus) typical
of moderately enriched conditions in the faunas of the non-impacted stations underlines the
rather eutrophic character of the natural environment, which is probably the consequence of
the high surface productivity, resulting from abundant nutrient supply due to seasonal
upwelling and runoff from the Congo river.

Chilostomella oolina accounts for 14% of the living assemblage (> 150 um fraction) at station
S31, whereas it is absent at stations S32, S33 and S34. C. oolina is well known from
intermediate and/or deep infaunal microhabitats in eutrophic upper slope environments (e.g.,
Corliss, 1985, Corliss and Emerson, 1990, Van der Zwaan and Jorissen, 1991; Sen Gupta
and Machain-Castillo, 1993; Bernhard and Sen Gupta, 1999 ; De Rijk et al., 2000 and
Schumacher, 2001). Its life position close to the zero oxygen level shows that this species is
particularly well adapted to the presence of suboxic conditions. This is confirmed by the fact
that it often strongly dominates benthic foraminiferal faunas just before the onset of
Mediterranean sapropels (Jorissen, 1999), which testify of prolonged periods of anoxic
bottom waters. In the short periods immediately preceding the anoxic conditions, less
tolerant taxa rapidly disappear, and C. oolina (together with some small bolivinid taxa)
appears to take over the niches close to the sediment-water-interface. These observations
show that C. oolina can as well feed on very labile food particles that are concentrated close
to the sediment-water interface, as on the more refractory particles present deeper down in
the sediment. The strong frequency of this taxon in the topmost level of station S31 indicates
that the zero oxygen level at this station must be positioned close to the sediment surface. Its
strong density increase, which coincides with the near-disappearance of Uvigerina peregrina
and Cancris auriculus, suggests that at station S31, bottom water oxygenation is very low at
the sediment-water interface. Apparently, the supply of hydrocarbons (adhering to the drill
muds) increases the sediment oxygen demand, and as consequence, bottom water oxygen
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concentration falls below the critical threshold level for less resistant taxa such as U.
peregrina and C. auriculus.

Reophax scorpiurus, Bolivina albatrossi, Bolivina pseudoplicata and Bulimina rostrata, which
all show maximal frequencies at station S31, also appear to be able to tolerate this lower
oxygen concentration. Fontanier et al. (2003) and Szarek et al. (2007) observe that Reophax
scorpiurus is largely restricted to the shallow infaunal microhabitats in the first cm of the
sediment. It generally occurs in environments influenced by seasonally high organic carbon
fluxes (e.g., northern Gulf of Guinea) in sediments that are moderately enriched in organic
carbon (e.g. Schiebel,1992; Timm,1992; Harloff and Mackensen, 1997 ; Schmiedl et al.,
1997 ; Wollenburg and Mackensen, 1998 ; Kurbjeweit et al., 2000 and Ohkushi and Natori,
2001). Bolivinids, which are a dominant faunal element in the 63-150 ym fraction, are
generally known for their preference for food-rich areas, and their tolerance for low-oxygen
conditions (e.g. Murray, 1991; Barmawidjaja et al., 1992 ; Sen Gupta and Machain-Castillo ;
1993). They are often dominant in the oxygen-minimum zone or in upwelling zones (e.g.,
Phleger and Soutar, 1973; Poag, 1984; Mullins et al., 1985). Their flattened elongate
morphology is considered to be an adaptation to the low-oxygen conditions (Bernhard,
1986). Bolivina albatrossi is reported from sediments with high Corg content and reduced
oxygen concentrations in the Gulf of Guinea (Schiebel, 1992; Timm, 1992). Very little
information is available regarding the ecological preferences of Bolivina pseudoplicata and
Bulimina rostrata.

Summarizing, the analysis of the benthic foraminiferal fauna allows us to distinguish four
different areas:

Station S31, located 300 m SE of the oil cuttings disposal site, is clearly impacted by the oil
exploration activities. The benthic environment at this station experiences eutrophicated
conditions; the increased organic input has probably led to a lowered oxygen concentration
at the sediment-water interface. The faunas are exceptionally rich, biodiversity is maximal,
but evenness shows a minimum. The deep infaunal taxon Chilostomella oolina is a dominant
faunal element, and less resistant taxa such as Uvigerina peregrina and Cancris auriculus
show strongly diminished densities.

Station S32, located 500 m SE of the oil cutting disposal site, environmental impact is weak,
but still perceptible. The faunal density shows a slightly increased value in comparison to
stations farther away. Uvigerina peregrina shows already a strongly lowered density.

Stations S33 and S34 are apparently no longer impacted by the drill mud disposal. Faunal
density and diversity are low, and species with a low resistance to eutrophication
phenomena, such as U. peregrina and C. auriculus, are present in high amounts.

Station S35, 2 km NW of the disposal site, contains a somewhat enigmatic fauna. The
presence of C. oolina, and the strong density maximum in the topmost half cm of the
sediment point to a very shallow oxygen penetration into the sediment. On the contrary, U.
peregrina and C. auriculus are fairly common, indicating that bottom waters were probably
well oxygenated. Since both hydrocarbon and Ba-contents are low at this station, it appears
that the slightly different environmental conditions at this station are not due to a
contamination with drill cuttings.

Finally, we have not sampled areas closer than 300 m from the disposal site. It is feasible
that more stressed conditions, characterised by a strongly decreased foraminiferal density,
are present closer to the disposal site.

The faunal succession SE of the disposal site is remarkably similar to the foraminiferal
succession described by Mojtahid et al. (2006) around 2 operating platforms on the outer
continental shelf off Congo. These authors observed a first zone, at less than 100m from the
disposal site, which is characterised by strongly impoverished faunas. This strongly impacted
area is surrounded by a second zone (from 100 to 250 m from the disposal site) with high
density faunas enriched in some opportunistic species such as Amphicoryna scalaris,
Bolivina dilatata, B. spathulata, Uvigerina peregrina, Textularia spp., Valvulineria bradyana.
In a third zone (between 250 and 730 m from the disposal site), the environmental impact is
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minimal, but still perceptible. The difference between our data and the study of Mojtahid et al.
(2006) is the absence of the most stressed area, characterised by strongly diminished
faunas, in our succession. However, our most impacted station is positioned at 300 m from
the disposal site, and the severe environmental impact described by Mojtahid et al. (2006)
may therefore be present also in our study area, in the immediate vicinity of the disposal site.

The ecological characteristics of the taxa which are most tolerant to oily drill mud disposal
(Chilostomella oolina, Reophax scorpiurus) suggest that the benthic foraminiferal faunas
mainly respond to ecosystem eutrophication, i.e. increased food availability and reduced
oxygen concentration. At present, it not clear whether the foraminiferal faunas are also
impacted by the eventual presence of toxic substances, and whether foraminifera are more
or less sensitive to this type of pollution than macrofauna. Comparative studies between
foraminifera and macrofauna, focussing on their tolerance to pollution, are still very scarce. In
a recent study, Mojtahid et al. (2008) compared the macrofaunal and foraminiferal response
to organic matter pollution in the Firth of Clyde, and concluded that the sensibility of both
groups is rather comparable. It is evident that more comparative studies between
macrofauna and foraminifera are needed to illustrate the specific characteristics of each of
these two groups of bio-indicators.

5. Conclusions

The benthic foraminiferal faunas found at a 670 m deep upper slope site off Angola show a
clear response to the discharge of oily drill cuttings. The fauna at a station at 300 m of the
disposal site is characterised by an increase of foraminiferal density and species diversity,
and a decrease of evenness. The low oxygen resistant taxon Chilostomella oolina shows a
strongly increased frequency, together with small-sized bolivinid and buliminid taxa. On the
other hand, less resistant taxa, such as Uvigerina peregrina, Cancris auriculus and
Cribrostomoides subglobosus show a strong frequency decrease. These changes point to a
significant eutrophication of the ecosystem, probably accompanied by a decrease of bottom
water oxygen concentration.

All stations at more than 1 km from the disposal site are apparently not impacted by drill mud
disposal. The faunas at these stations are dominated by Karreriella bradyi, Cancris
auriculus, Globobulimina affinis and Cribrostomoides subglobosus. These taxa, which are
mainly living in the uppermost cm of the sediment, are indicative of mesotrophic to eutrophic
conditions. Such mesotrophic/eutrophic conditions are logical for our upper slope area
influenced by nutrient supplies from river runoff. At 500 m from the disposal site, the impact
of drill mud disposal is still detectable, but much weaker than at the most impacted station.
Rather surprisingly, foraminifera of the large (> 150 um) size fraction show a stronger
response to the environmental changes brought about by oily drill mud disposal than the
foraminifera of the small (63-150 um) size fraction. It appears that large-sized taxa have a
much more varied response to this type of ecosystem perturbation than the often
opportunistic small-sized taxa.

The investigation of the dead faunas at 2 to 3 cm depth in the sediment reveals that they are
mainly composed of foraminifera which have been living in the area before the onset of drill
mud disposal. The comparison of living and dead, pre-impact faunas has allowed us to
confirm that drill mud disposal has a favourable impact on some of the more opportunistic
taxa, but a strongly negative impact on the more sensitive taxa.

It appears that benthic foraminifera may provide a powerful tool to monitor the impact of
anthropogenic pollution in continental slope environments.
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Fig. 1. Geographical position, bathymetry and main hydrographic features of the study area.
AC: Angola Current; SEC: Southern Equatorial Current; SECC: Southern Equatorial Counter
Current; BCC: Benguela Coastal Current. ABF: Angola-Benguela Front. Modified after Licari
and Mackensen, 2005.
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Fig. 2. Concentrations of total hydrocarbon and barium (both in mg/g dry weight) at the five
sampling stations.
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Fig. 3. Total number of living individuals at each station (hon standardised) from 0 to 3 cm
depth (scale at the left) and foraminiferal density, standardised for a surface area of 10 cm?
(scale at the right). Fig 3A: >150 um fraction. Fig 3B: 63-150um fraction.
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stations. Fig. 4A: >150 um fraction. Fig. 4B: 63-150um fraction.
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Fig. 5. Composition of the foraminiferal faunas (left side) and vertical distribution (right side)
in the topmost 3 cm of the sediment at the 5 sampling stations, >150 um fraction. For each
station, the total number of individuals (non standardised) is indicated in the centre of the pie

diagrams.
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Fig. 6. Composition of the foraminiferal faunas (left side) and vertical distribution (right side)
in the topmost 3 cm of the sediment at the 5 sampling stations, 63-150 um fraction. For each
station, the total number of individuals (non standardised) is indicated in the centre of the pie

diagrams.
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Fig. 7. Distribution of the main species of the dead foraminiferal fauna (percentages
distribution) in the 2-3 cm level of the 5 sampling stations, >150 um fraction.

Tables
Station | Distance from platform Latitude Longitude Water depth (m)
S31 300 m 7°32'15.196"S | 12°07'18.758"E 670
S32 500 m 7°32'17.057"S | 12°07'24.540"E 670
S33 1 km 7°32'21.898"S | 12°07'40.561"E 670
S34 1.8 km 7°32'29.557"S | 12°08'05.479"E 670
S35 2 km W 7°31'53.169"S | 12°06'07.122"E 670
Table 1
Total labile fraction
Station | Total Hydrocarbons (mg/g) | of hydrocarbons (ug g*) | Barium (mg/g)
S31 9.808 93,9 0.49
S32 3.647 37,78 0.48
S33 0.875 13,22 0.53
S34 1.158 13, 59 0.44
S35 1.199 21,09 0.27
Table 2

Table 1. Geographical position, water depth and distance from the platform of the five
sampling stations

Table 2. Concentrations of total hydrocarbons, the labile fraction of hydrocarbons (nC13,
nC15, nC16, nC17, nC19, nC20), and barium in the superficial sediment at the five sampling

stations.
>150 um living S31 S32 S33 S34 S35

S31
S32 39.6
S33 25.4 61.9
S34 35.8 57.8 53.4
S35 53.0 43.8 60.8 44.8 A

63-150 um living S31 S32 S33 S34 S35
S31
S32 69.2
S33 58.8 67.8
S34 55.5 62.6 47.1 B
S35 60.3 65.8 65.8 51.7
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Table 3

>150 um dead S31 S32 S33 S34 S35
S31
S32 80.7
S33 85.7 82.8
S34 78.4 81.8 80.2
S35 81.7 77.5 99.7 82.7
>150 ym dead S311-7cm | 1-15 2-25 2,5-3 4-5 6-7
1-1,5cm
2-2,5cm 78.2
2,5-3cm 70.7 77.8
4-5 cm 81.5 76.2 75.8
6-7 cm 72.2 68.1 76.8 78.3

Table 4

Table 3. Renkonen’s percent similarity index for the living foraminiferal faunas. Table 3A: >150um fraction. Table 3B: 63-150um fraction.

Table 4. Renkonen'’s percent similarity index for the dead foraminiferal faunas in the >150 um fraction. Table 4A: comparison of the 2-3 cm level
at the five stations. Table 4B: comparison of the 5 depth levels sampled at station S31.

>150 ym S31 S32 S33 S34 S35
LT L/T L/T LT LT
L D ratio L D ratio L D ratio L D ratio L D ratio
Bolivina albatrossi 45 3,0 60,1 0,0 8,6 0,0 0,0 5,6 0,0 0,0 25 0,0 93 31 74,8
Bolivina spathulata 19 11,2 144 0,0 14,0 0,0 0,0 11,2 0,0 0,0 239 0,0 21 125 14,2
Bulimina
aculeata/marginata 89 224 285 2,2 24,0 8,3 8,0 20,7 279 0,0 184 0,0 93 175 348
Bulimina inflata/costata 0,0 6,3 0,0 0,0 3,0 0,0 31 64 32,7 0,0 31 0,0 00 71 0,0
Chilostomella oolina 241 5,3 82,0 0,0 0,8 0,0 0,0 43 0,0 0,0 23 0,0 70 27 71,8
Globobulimina affinis 18,8 3,2 855 (283 24 92,2 |24,0 3,7 86,7 | 10,0 2,5 80,1 |256 6,7 79,3
Uvigerina peregrina 36 21,8 14,1 6,5 232 220 |240 224 51,7 |300 226 57,1 |18,6 21,0 47,0
Cancris auriculus 1,8 0,0 100,0 | 240 0,2 99,2 |320 0,0 1000 | 150 0,0 1000 | 93 0,2 97,9
Karreriella bradyi 196 1,3 93,8 |350 3,2 91,6 |12,0 2,7 81,6 |40,0 29 93,2 70 272 76,1
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Table 5. Comparison of living (topmost 3 cm) and dead (2-3 cm level) foraminiferal assemblages at the five sampling stations. Percentages
have been recalculated after omission of all non-fossilising taxa. L = % in living assemblage, D = % in dead assemblage, L/T-ratio = % of living
individuals with respect to the total (L+D) assemblage. See text for further explanation.

Appendix

Appendix 1. Census data for the living benthic foraminiferal fauna in the >150um fraction for the five sampling stations.
Appendix 2. Census data for the living benthic foraminiferal fauna in the 63-150um fraction for the five sampling stations.

Appendix 3. Census data for the dead benthic foraminiferal faunas in the >150um fraction for the five sampling stations. The numbers indicate
the total amount of foraminifera found in the whole studied depth interval.
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>150 pm living S31 S32 S33 S34 S35
0-05 05-1 1-15 15-2 2-25 253 % [0-05 05-1 1-15 15-2 2-25 253 % |0-05 05-1 1-15 15-2 2-25 253 % [0-05 05-1 1-15 15-2 2-25 25-3[ % |0-05 05-1 1-15 1,5-2 2-25 25-3[ %
Hyaline taxa
Amphicoryna scalaris 2 1,0 0,0 0,0 0,0 0,0
Bolivina albatrossi 2 3 2,5 0,0 0,0 0,0 2 2 6,8
Bolivina spathulata 3 1,5 0,0 0,0 0,0 1 1,7
Bolivina subaenariensis 1 1 1,0 0,0 0,0 0,0 0,0
Bulimina costata 5 1 3,0 2 2,6 0,0 1 4,0 0,0
Bulimina aculeata/marginata 7 3 51 1 1,3 1 4,8 0,0 4 6,8
Bulimina inflata/costata 0,0 0,0 1 2,4 0,0 1 1,7
Cancris auriculus 1 1 1,0 4 4 2 1 14,3 2 1 3 19,0 1 1 1| 12,0 1 2 1 6,8
Chilostomella oolina 25 2 13,7 0,0 0,0 0,0 ) 51
Cibicidoides pachydermus 3 15 0,0 0,0 0,0 1 1,7
Cibicidoides robertsonianus 2 1,0 0,0 0,0 0,0 0,0
Cibicidoides wuellerstorfi 1 0,5 0,0 0,0 0,0 0,0
Epistominella smithi 0,0 1 1 2,6 1 2,4 0,0 0,0
Fursenkoina complanata 1 4 25 1 1,3 1 2,4 0,0 0,0
Glandulina laevigata 0,0 0,0 1 2,4 0,0 0,0
Globobulimina affinis 10 9 1 10,7 5 2 3 3 16,9 4 1 14,3 2 8,0 6 1 1 1 2 18,6
Guttulina sp. 1 0,5 0,0 0,0 0,0 0,0
Gyroidina orbicularis 0,0 1 1,3 0,0 0,0 1 1,7
Lenticulina peregrina 1 0,5 1 1,3 0,0 0,0 0,0
Nonionella iridea 0,0 1 1,3 0,0 0,0 0,0
Oridorsalis umbonatus 1 0,5 0,0 0,0 0,0 0,0
Pullenia bulloides 1 0,5 0,0 0,0 0,0 0,0
Pullenia quinqueloba 0,0 0,0 1 2,4 0,0 0,0
Rectuvigerina bononiensis 0,0 1 1,3 1 2,4 0,0 0,0
Uvigerina peregrina 2 2 2,0 2 1 3,9 2 B 1 14,3 3 3 24,0 8 13,6
Porcelaneous taxa
Pyrgo elongata 1 0,5 0,0 0,0 0,0 0,0
Pyrgoella sphaera 0,0 0,0 0,0 0,0 2 34
0,5 0,0 0,0 0,0 34
Agglutinated taxa
Ammobaculites filiformis 2 6 4,1 0,0 0,0 0,0 4 6,8
Ammobaculites sp. 2 1,0 0,0 0,0 0,0 0,0
Cribrostomoides scitulum 2 1,0 0,0 0,0 1 4,0 0,0
Cribrostomoides subglobosus 1 1 1,0 & 7 1 3 18,2 1 2 1 9,5 1 4,0 2 34
Eratidus foliaceus 2 1 15 0,0 0,0 0,0 0,0
Haplophragmoides bradyi 1 0,5 2 2,6 0,0 0,0 0,0
Haplophragmoides sp. 1 0,5 0,0 0,0 0,0 0,0
Hormosina pilulifera 1 0,5 0,0 0,0 0,0 0,0
Hormosinella guttifera 2 1,0 0,0 0,0 0,0 0,0
Karreriella bradyi 17 5 11,2 11 4 1 20,8 1 1 1 7,1 4 4 32,0 2 1 51
Lagenammina arenulata 2 1,0 0,0 0,0 0,0 0,0
Lagenammina difflugiformis 6 2 4,1 1 1,3 1 2,4 0,0 0,0
Leptohalysis scottii 3 1,5 0,0 0,0 0,0 0,0
Recurvoides sp. 2 1,0 0,0 0,0 0,0 1 1,7
Reophax dentaliniformis 1 0,5 0,0 1 1 4,8 0,0 2 3,4
Reophax scorpiurus 16 13 14,7 2 2 52 2 2 9,5 1 1 8,0 7 11,9
Saccammina sphaerica 1 0,5 1 1,3 0,0 1 4,0 0,0
Technitella legumen 2 5 3,6 0,0 0,0 0,0 0,0
Textularia concava 0,0 1 1,3 0,0 0,0 0,0
Trochammina globigeriniformis 1 0,5 0,0 0,0 0,0 0,0
Trochammina sp. 1 0,5 1 1,3 0,0 0,0 0,0
Nbr of individuals 115 78 3 39 23 4 10 1 0 14 11 4 9 13 11 0 0 0 1 47 4 2 3 3 0
Nbr of species 24 30 2 16 9 2 5 1 0 8 7 4 7 7 6 0 0 0 1 16 3 2 2 2 0
Total density 197 77 42 [ 25 59




63- 150pm living S33 S34 S35

0-05 05-1 1-15 15-2 2-25 25-3] % |0-05 0,5-1 1-15 15-2 2-25 253 % [0-05 05-1 1-15 15-2 2-25 253 % |0-05 05-1 115 15-2 2-25 253 % [0-05 05-1 115 15-2 2-25 253 %
Hyaline taxa
Bolivina albatrossi 2 7 3 4 2 8,4 2 2 il 3,5 3 i 2 3,2 1l 27 0,0
Bolivina pseudoplicata 7 8 1 1 79 2 1 1 1 3,5 2 4 3 4,8 1 2,7 1 0,9
Bolivina spathulata 1 11 3 1 1 14| 145 4 5 3 2 2 1| 12,0 5 3 4 5 2 2| 111 4 2 1| 18,9 ) 4 6 7 3| 271
Bolivina subspinescens 1 2 1,4] 0,0 1 0,5 1| 2,7 0,0
Brizalina earlandi 2 3 i, il 2 3 5,6 2 4 6 3 3 12,7 5) 3 il 3 4 85 2 il il 2 16,2 il 2 il i 4,7
Bulimina aculeata/marginata 3 1,4] 1 1 1 2,1 1 0,5 0,0 1 0,9
Bulimina inflata/costata 1 1 2 19 1 0,7 0,0 0,0! 2 19
Bulimina rostrata 2 10 5,6 3 2 3,5 3 1,6 1 2 2 19
Buliminella rotundata 0,0 3 21 0,0 0,0 1 0,9
Cassidulina crassa 1 0,5 0,0 0,0 0,0 0,0
Cancris auriculus 2 09 1 0,7 1 0,5 1 2,7 0,0]
Cassidulinoides bradyi 1 0,5 2 1,4] 2 1,1 3 8,1 1 0,9
Epistominella exigua 2 2 1.9 1 0,7 0,0 0,0 1 0,9
Epistominella smithi 1 0,5 0,0 2 1,1 0,0 1 0,9
Fursenkoina complanata 2 1 1,4 3 3 4,2 1 3 21 0,0] 1 0,9
Gavelinopsis translucens 3 1 19 1 2 21 1 0,5 1 2,7 2 1 2,8
Globobulimina affinis 1 0,5 1 0,7 0,0 1 2,7 0,0
Gyroidinoides orbicularis 5 10 2 1 1 8,9 9 6 2 1 2| 141 8 4 7 8 1 14,8 1 1 54 2 3 3 5 2| 14,0
Lenticulina peregrina 2 0,9 1 0,7 0,0 0,0] 0,0]
Polymorphinidae 1 0,5 0,0 0,0 0,0 0,0
Nonion sp. 2 0,9 0,0 0,0 0,0] 0,0
Nonion scaphum 0,0 0,0 2 1,1 0,0 1 0,9
Nonionella bradyi 3 1,4 1 0,7 0,0 0,0] 1 0,9
Nuttallides pusillus 11 27 1 3 3| 21,0 19 4 9 22,5 10 7 18 35 1 4 39,7 6 1 18,9 18 1 3 5 2 1| 28,0
Oolina ovum 0,0 0,0 0,0 0,0 1 0,9
Pleurostomella sp. 0,0 0,0 0,0 1 2,7 0,0
Pullenia bulloides 1 0,5] 0,0 0,0 0,0 0,0]
Pullenia sp. 2 09 0,0 0,0 0,0 0,0]
Sphaeroidina bulloides 2 0,9 0,0 0,0 0,0 0,0
Uvigerina hispida 0,0 2 1,4 1 0,5 0,0 0,0
Uvigerina peregrina 2 0,9 0,0 0,0 0,0] 2 1,9
Vaginulina subelegans 0,0 0,0 1 0,5 0,0 0,0
Porcelaneous taxa 0,0 0,0 0,0 0,0 0,0
Cyclogira involvens 4 1 2,3 0,0 1 2 1 21 0,0 0,0]
Agglutinated taxa
Adercotryma glomeratum 0,0 0,0 1 0,5 0,0 0,0
Cribrostomoides subglobosus 0,0] 0,0 1 0,5 0,0] 0,0]
Cyclammina sp. 0,0 1 0,7 0,0 0,0 0,0
Eggerella sp.1 1 0,5] 1 1 1 1 2,8 2 1 1,6 1 2,7 1 1 19
Eggerella sp.2 1 0,5 0,0 0,0 0,0 0,0
Eggerella apicularis 2 0,9 0,0 0,0 0,0 0,0]
Haplophragmium sp. 0,0 1 0,7 0,0 0,0 0,0]
Haplophragmoides bradyi 0,0 0,0 0,0 3 8,1 0,0
Hormosinella guttifera 3 1,4] 1 0,7 0,0 0,0 0,0
Paratrochammina challengeri 2 0,9 0,0 0,0 0,0 0,0]
Reophax sp. 1 0,5 1 0,7 1 1 1 1,6 0,0 1 2 1 37
Pseudobolivina sp. 2 09 3 1 1 3,5 1 2 1,6 0,0 1 09
Technitella legumen 0,0 0,0 0,0 0,0 1 0,9
Trochammina inflata 1 0,5] 0,0 0,0 0,0 0,0]
Trochammina sp. 0,0 1 0,7 0,0 0,0! 1 0,9
Tritaxis challengeri 0,0 1 0,7 0,0 0,0! 0,0
Nbr of individuals 43 116 11 4 13 27 34 45 18 24 17 4 36 23 39 71 4 16 20 6 1 1 6 3 40 3 16 19 18 11
Nbr of species 13 30 6 4 7 8 13 13 8 10 10 3 11 8 10 15 3 6 10 3 1 1 4 3 13 2 8 6 6 8
Total density’ [ 214 [ 142 [ 189 [ 37 [ 107




>150 um dead S31 S32 S33 S34 S35
1-15 2-2,5 2,5-3 4-5 6-7| %5 levels |%2-3cm |2-2,5 2,5-3 |%2-3 cm [2-2,5 2,5-3 [%2-3 cm [2-2,5 2,5-3 |%2-3 cm |2-2,5 2,5-3 |%2-3 cm
Hyaline taxa
Amphicoryna scalaris 1 0,1 0,0 0,0 0,0 0,0 0,0
Astacolus sp. 1 0,1 0,0 0,0 0,0 0,0 0,0
Bolivina albatrossi 7 6 8 13 10 3,7 30 24 19 86/ 18 11 5,6 7 6 2,5 7 9 31
Bolivina spathulata 35 26 27 39 47 14,6 11,2 41 29 14,0 27 31 11,2 74 51 239 36 28 12,5
Bolivina subaenariensis 2 0,2 0,0 1 0,2 0,0 0,0 2 2 0,8
Bolivina seminuda 1 0,1 0,2 0,0 0,0 0,0 0,0
Bolivina subspinescens 1 1 0,2 0,2 0,0 0,0 0,0 0,0
Bulimina aculeata/marginata 65 61 45 55 45 22,8 22,4 46 74 24,0 47 60 20,7 56 40 18,4 42 47 17,5
Bulimina inflata/costata 3 15 15 14 19 55 6,3 6 9 30 21 12 6,4 10 6 31 17 19 71
Buliminella rotundata 7 2 11 1,7 0,4 5 2 1.4 2 5 14 5 1 11 7 13 3,9
Cassidulina carinata 4 2 5 4 4 1,6 1,5 1 5 1,2 1 0,2 4 7 21 5 3 1,6
Cancris auriculus 0,0 0,0 1 0,2 0,0 0,0 1 0,2
Chilostomella oolina 11 10 15 12 4 4,4 53 B 1 08| 10 12 4,3 2 10 218 8 6 2,7
Cibicides lobatulus 1 2 0,3 0,0 0,0 0,0 0,0 0,0
Cibicides ungerianus 0,0 0,0 0,0 2 0,4 0,0 0,0
Cibicidoides pachydermus 6 5 3 3 5 1,8 1,7 6 4 2,0 1 0,2 5 9 2,7 7 8 29
Cibicides sp. 2 1 4 3 0,8 11 2 04 2 4 1.2 5 1,0 3 2 1,0
Dentalina sp. 1 0,1 0,0 0,0 0,0 0,0 1 0,2
Evolutinella rotulata 0,0 0,0 0,0 0,0 1 0,2 0,0
Epistominella smithi 4 8 9 1,8 1,7 1 8 1,8 9 5 2,7 12 8 3,8 13 8 4,1
Fissurina wiesneri 0,0 0,0 0,0 0,0 0,0 1 0,2
Fursenkoina complanata 1 5 7 4 1 15 2,5 3 3 12 3 6 1,7 1 5 11 5 3 1,6
Glandulina laevigata 0,0 0,0 0,0 0,0 0,0 0,0
Glandulina ovula 2 1 2 0,4 0,2 0,0 2 0,4 1 0,2 1 0,2
Globobulimina affinis 9 9 6 11 15 4,2 82 7 5 2,4 8 11 &7 7 6 25 21 13 6,7
Globobulimina sp. 0,0 0,0 0,0 2 0,4 0,0 0,0
Gyroidina orbicularis 4 1 4 0,8 0,2 1 1 0,4 2 0,4 1 0,2 0,0
Lagena sp. 1 2 0,3 0,4 0,0 1 0,2 0,0 0,0
Lagena multilatera 0,0 0,0 0,0 1 0,2 0,0 0,0
Lenticulina peregrina 1 2 1 3 0,6 0,4 2 0,4 2 0,4 1 1 0,4 1 1 0,4
Lenticulina sp. 1 1 0,2 0,2 1 0,2 1 0,2 0,0 0,0
Nonion scaphum 1 0,1 0,0 0,0 0,0 0,0 0,0
Oridorsalis umbonatus 4 3 4 5 6 18 15 7 6 2,6 5 4 1,7 6 5 2,1 6 5 2,2
Oridorsalis sp. 2 0,2 0,4 0,0 0,0 0,0 0,0
Osangulariella sp. 0,0 0,0 0,0 0,0 1 0,2 0,0
Planulina ariminensis 0,0 0,0 0,0 0,0 0,0 2 0,4
Planulina sp. 1 1 0,2 0,0 3 1 0,8 0,0 0,0 0,0
Procerolagena gracillima 2 0,2 0,0 0,0 4 0,8 2 1 0,6 0,0
Pullenia bulloides 3 5 4 3 1 1,3 1,9 5 1,0 1 1 0,4 1 3 0,8 2 0,4
Pullenia quinqueloba 1 1 0,2 0,0 0,0 1 4 1,0 0,0 1 0,2
Rectuvigerina bononiensis 1 1 0,2 0,4 0,0 1 0,2 0,0 1 0,2
Saracenaria sp. 1 0,1 0,0 0,0 0,0 0,0 0,0
Sphaeroidina bulloides 8 2 8 8 7 2,8 2,1 5 9 2,8 9 7 3,1 2 8 1,9 1 7 1,6
Uvigerina peregrina 34 57 46 33 32 17,0 21,8 53 63 23,2 62 54 22,4 48 70 22,6 48 59 21,0
Uvigerina proboscidea 0,0 0,0 4 0,8 0,0 0,0 0,0
Uvigerina hispida 8 5 4 6 5 2,4 1,9 1 4 1,0 3 7 1,9 4 5 17 6 6 2,4
Uvigerina mediterranea 1 3 0,3 0,0 0,0 0,0 0,0 0,0
Valvulineria sp. 1 2 0,3 0,4 1 1 0,4 1 0,2 0,0 0,0
0,0 0,0 0,0 0,0 0,0 0,0
Agglutinated taxa 0,0 0,0 0,0 0,0 0,0 0,0
Ammobaculites sp. 0,0 0,0 0,0 0,0 0,0 1 0,2
Bigenerina digitata 2 0,2 0,0 0,0 0,0 0,0 0,0
Bigenerina nodosaria 11 4 1,3 2,3 0,0 0,0 0,0 0,0
Bigenerina sp. 1 0,1 0,2 0,0 0,0 0,0 2 0,4
Cribrostomoides scitulum 2 3 2 1 0,7 1,1 1 0,2 0,0 0,0 0,0
Cribrostomoides subglobosus 0,0 0,0 0,0 3 0,6 1 0,2 1 0,2
Discammina compressa 1 0,1 0,0 0,0 0,0 0,0 0,0
Dorothia bradyana 7 6 1,1 1,3] 11 5 3,2 2 12 2,7 3 11 2,7 5 6 2,2
Eggerella sp. 0,0 0,0 0,0 0,0 0,0 2 1 0,6
Haplophragmoides sp. 0,0 0,0 1 0,2 2 0,4 0,0 0,0
Hormosina pilulifera 2 0,2 0,4 0,0 0,0 0,0 0,0
Karreriella bradyi 0,0 0,0 0,0 0,0 1 0,2 0,0
Karreriella novagliae 0,0 0,0 0,0 1 0,2 0,0 0,0
Lagenammina arenulata 0,0 0,0 0,0 2 0,4 0,0 0,0
Lagenammina difflugiformis 0,0 0,0 0,0 1 0,2 0,0 0,0
Lagenammina sp. 2 1 0,3 0,2 0,0 0,0 1 0,2 1 1 0,4
Reophax dentaliniformis 3 0,3 0,6 0,0 0,0 0,0 0,0
Reophax scorpiurus 9 6 1 2 15 1,3 8 1 1,8 5 3 1,5 3 5 1,5 3 3 1,2
Textularia agglutinans 1 0,1 0,0 0,0 1 0,2 0,0 0,0
Trochammina sp. 0,0 0,0 0,0 1 0,2 0,0 0,0
Trochulina rosea 0,0 0,0 0,0 1 0,2 0,0 0,0
Nbr of individuals 250 251 222 248 220 251 250 250 267 264 259 254 256
Nbr of species 34 31 21 27 24 29 20 28 29 27 21 28 27
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