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Abstract

Since 2003 we have tested the use of benthic
foraminiferal faunas as bio-indicators of highly
biodegradable oil-based drill fluids and cuttingss. this
paper we present data for 4 sites off western Afric
(Angola, Congo and Gabon), with water depths varyin
from 30 to 670 m. A very similar faunal response to
environmental perturbation is found in these défar
environmental settings. In the close vicinity oé thil drill
mud and fluids disposal, the combination of lowered
bottom water oxygenation, the presence of toxic
compounds and a general ecosystem enrichment teads
strongly impoverished faunas. More sensitive taaeome
very rare in these areas. Moderately impacted sites
characterized by high to very faunal densities, astrong
dominance of opportunistic taxa, that are favorgdte
increased amount of organic matter in the benthic
environment, resulting from the introduction of
hydrocarbons. Beyond 500 m of the disposal sites, t
faunas progressively become similar to the nafiawahas;
the relative frequency of opportunistic and striedsrant
taxa drops to background values.

Two foraminiferal indices are proposed that allow a
guantitative evaluation of the impact of the oilllarg
activities. A first foraminiferal index, that is &d on the
cumulative percentage of opportunistic and streksdnt
taxa, is very effective in continental shelf seajtn
Severely polluted sites contain more than 70% index
species, moderately impacted area between 50 &d A0
slightly to non impacted sites, the percentage nofex
species drops from 50 to 20%. A shallow, 30 m deega
in front of the Ogooué estuary reveals a high peege of
marker species at all investigated stations. Thesated
percentage is caused by the presence of naturally

eutrophicated conditions due to the supply of ingoutr
amounts of nutrients and continental organic malbgr
river outflow. In this a particular setting, oil geration
activities appear to have only a minor environmenta
impact. At the 670 m deep upper slope site, theaotgl
stations are characterized by the progressive pesapnce

of the taxa that are most sensitive to ecosystem
perturbation. The cumulative percentage of thesa ta
strongly decreases at the most impacted areas,hwhic
provides a very useful additional quantitative ntoring
tool. The present data show that foraminiferal &suare
extremely powerful in monitoring the environmental
impact of oil exploration activities. In the neatdre, the
proposed foraminiferal indices will be tested irhent
areas, and the selected marker species will bealored

for different types of environmental settings, wdifferent
water depths and climatic conditions.

Introduction

Oil well drilling operations are responsible foreth
disposal of large quantities of drill cuttings aftuids. In
order to assess the impact of these products obethihic
ecosystem, since 2003 we have studied foraminiferal
faunas around production sites off Angola, Congd an
Gabon. In fact, foraminifera have several advarsagesr
traditionally used macro- and meiofauna as biodattirs
of offshore drilling activities [1]:

1. They appear with large densities, of several
hundreds to thousands of individuals per 108 sea floor
surface, which makes it possible to perform reéabl
analyses on the basis of very small samples.

2. They have a high biodiversity, with up to 100
species living at a single site. These species mccu
different ecological niches, and show large diffexes in
tolerance to anthropogenic stress parameters,inuffex
large panel of marker species.

3. Many foraminiferal species have a calcareous
shell that is preserved in the sediment. The stfdthe
subfossil faunas deposited several decades agwysails
to reconstruct the faunas that inhabited the depsite
before the onset of drilling activities.

In this paper, we summarize the results of our
investigations of the foraminiferal faunas at 4 tawental
shelf and upper continental slope settings off anest
Africa. We will show the general patterns of theurfal
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response to the disposal of drilling cuttings ahadd§ in
terms of faunal density and species compositionthét
end of this paper, we will present tentative fonaiferal
indices of the impact of oil drilling activities othe
benthic ecosystem. Our results indicate that benthi
foraminifera may provide an extremely powerful tdol
determine the impact of drilling activities.

Study areas

We investigated four sites (Figure 1) off GabongSi
1), Congo (Sites 2 and 3) and Angola (Site 4).

Carmneroon

Figure 1. Location of thefour study areas.

Site 1 is located in the offshore Anguille Marineld,
50 km off Port Gentil, Gabon, at a water depth 0fr3.
Cuttings discharge began in 1986 and ended in 1992,
in 2003 an additional well was drilled using highly
biodegradable base oil. Twelve stations were inyat&d
between 70 and 11400 m from the discharge poidume
2004 (Figure 2, Table 1).

Site 2 is located off Congo at 90 m water depth. In
April 2006, we investigated seven stations betw&ef
and 2000 m from the discharge point (Fig. 3, Table

Site 3 is located 60 km off Pointe Noire, Congoaat
water depth of 180 m. Here, two oil platforms weotive
from November 1993 to April 1999. Samples were
collected from the ¥ to the 18' of April 2003 on a radial
of six points around the second platform and three
sampling stations around the first platform (FigTéble
1).

Site 4 is located off Angola. Five samples were
collected in April 2006 around the well (Fig. 5,bla 1),
at 670 m water depth.
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Figure 2. Site 1, off Gabon, water depth 30 m;
discharge point and sampling stations.

Site 2, April 2006
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Figure 3. Site 2, off Congo, water depth 90 m;
discharge point and sampling stations.



SPE 111959

18, pischarge point Site 3, April 2003 N
~ J9 20 Sampling stations A
-

17,

. iy Discharge point
13°
4
3.

16

.2 D_:DD m

Figure 4. Site 3, off Congo, water depth 90 m;
discharge points and sampling stations.

S35 T
® e
b i Discharge point .803; §33 [ S
s32 @
o 534
0 1Km ?00

L -

Figure 5. Site 4, off Angola, water depth 670 m,
discharge point and sampling stations.

Table 1: Water depth and distance from the discharge
point for each station.
Site 1 (off Gabon)

Station Distance Depth (m)
1 2000 m North 29
2 1000 m North 30
3 750 m North 30
4 500 m North 30
5 250 m North 30
6 70 m North 30
7 250 m South 30
8 500 m South 30
9 2000 m South 30
11 250 m East 30
12 250 m West 30
13 11400 m North 30
Site 2 (off Congo)
Station Distance Depth (m)
1 2000 m NNW 90
2 1000 m NNW 90
3 500 m NNW 90
4 250 m NNW 90
5 100 mw 90
6 250 m SSE 90
7 2000 m SSE 90
Site 3 (off Congo)
Station Distance Depth (m)
2 2 km S of well 2 180
3 470 m S of well 2 180
4 230 m S of well 2 180
6 70 m W of well 2 180
13 100 m S of well 2 180
16 730 m S of well 2 180
17 450 m NW of well 2 180
18 70 m N of well 1 180
19 250 m S of well 1 180
20 500 m SE of well 1 180
Site 4 (off Angola)
Station Distance Depth (m)
S31 300mE 670
S32 500mE 670
S33 1000 m E 670
S34 1800 m E 670
S35 2000 mW 670

Materials and methods

For the analysis of the foraminiferal faunas, VaeeW
grab cores with apparently intact sediment surfacese
subsampled with a core with a 4 cm inner diame®er.
board, these cores were sliced into 0.5 cm levalendo 1
cm and then in 1 cm levels down to 7 cm depth. All
samples were preserved in 95% ethanol with 1 gdeRo
Bengal, which colors the cytoplasm of the cell&waing
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to distinguish the living specimens from the emglells
[2].

In the laboratory, the collected samples were sieve
over 63 and 150 um sieves. In this study, we fagushe
coarser size fraction (>150 um). Foraminifera ot th
surface level (0-0.5 cm) were picked without furthe
treatment, under wet conditions (50% ethanol). Ebbr
other levels, living foraminifera were concentraigging
density separation with trichloroethylene (D=1.46Yying
as well as unaltered dead foraminifera should hedo
exclusively in the floated part. A check of the dsited
sediment, revealing the absence of living specimens
showed the efficiency of the method. All individsiatere
picked and glued on Chapman slides. All foramigifer
were determined using taxonomic studies [3], palaity
those with emphasis on shelf and upper slope
environments [4-8].

Results
Site 1, off Gabon, water depth 30 m

The standardized densities of the living foramirzfe
faunal in the top 3 cm of the sediment (figure &wfrom
0 (stations 2 and 12) to about 80 individuals percs
(stations 4 and 7). We strongly suspect that tlserde of
living foraminifera at stations 2 and 12 is duethe fact
that the Van Veen grab did not adequately sampde th
sediment surface.

The specific composition varies only slightly aloting
transects on both sides of the discharge pdatncris
congolensis Lagenamminasp. andHanzawaia boueana
are the three dominant species, who are charaateios
the eutrophic benthic environments under the direct
influence of river outflow (in this case the Ogoagixer).

Maximum faunal densities are found at stations 4, at
at 250 m S and 500 m S of the disposal site, réispdc
On the contrary, station 6, only 70 m from the foliah, is
characterised by a low faunal density. We interpinese
density changes as a minor response to the oil dril
activities; somewhat more stressful conditionstatien 6,
and slightly enriched conditions at stations 4 andVe
think that the absence of a clear faunal respamsbet oil
drill activities is due to the naturally eutrophied
character of this site influenced by major rivemafi.

Site 2, off Congo, water depth 90 m

The living foraminifera are particularly rich; thei
density in the uppermost 2 cm of the sediment sdriem
5 to 150 individuals/10 cir(Figure 7). Stations 2, 4 and 5
present very low densities (5 to 15 individualsth).
Intermediate densities (about 75 individuals/1G)crare
found at stations 1 and 7, whereas stations 3 asido@
maximal densities of 130 to 150/10 tm

Stations 4 (250 m NNW), 5 (100 m W) and 2 (1 km
NNW) are characterized by poor faunas, dominated by
Eggerella sp. 1 andNonion scaphumwhich are also
present at the reference stations (1 and 7, 2 kandNS of
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Figure 6. Site 1, water depth 30 m. Composition and
density of the living foraminiferal fauna (accumulated
for thetop 3 cm of the sediment, standardized per 50 cc
sediment volume).
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Figure 7. Site 2, water depth 90 m. Composition and
density of the living foraminiferal fauna (observed in

the first 2cm of the sediment, standardized per 10 cc
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sediment volume).

the disposal site). The presence of some specirnéns
opportunistic Amphicoryna scalaris, Ammoscalaria
foliaceg and low oxygen tolerant taxaslobobulimina
affinis) allows us to distinguish stations 4 and 5, from
station 2, where these taxa are completely ab3d#iat.
think therefore that the low faunal density atista® is an
artefact, caused by inadequate sampling.

The very dense foraminiferal faunas at stationa®&
have a very particular composition. Station 3 (500
NNW) is characterized by high numbers Arhphicoryna
scalaris, Cribrostomoides jeffreysiand Gyroidinoides
umbonatus whereas station 6 contains rich faunas
dominated by Nouria  polymorphinoides and
Globobulimina affinisAll these taxa are almost absent at
all other stations.

It appears tha@mphicoryna scalarisCribrostomoides
jeffreysi, Gyroidinoides umbonatus, Nouria
polymorphinoidesndGlobobulimina affinisare indicative
of eutrophicated conditions. Although they are gdsesent
at stations 4 and 5, their very low densities thare
indicative of an elevated environmental stressstations
3 and 6 (500 m NNW and 250 m SSE), where theymattai
maximum densities, these species testify of a gtyon
eutrophicated character of the benthic ecosystem.

Stations 1 and 7 are populated by the natural
background fauna, which is dominated bygerellasp.1,
Nonion scaphunand Ammoscalaria foliaceaThe afore-
mentioned opportunistic and stress-tolerant speeaies
only present in small quantities (less than 5% o t
fauna).

Site 3, off Congo, water depth 180 m

The total number of living individuals found in the
uppermost 3 cm of sediment (volume = 37.7)cwaries
between 7 and 215, corresponding to a density ofitad
to 60 individuals per 10 ch{Figure 8).

The combination of the density and compositionhef t
foraminiferal faunas allows us to subdivide thet&isns
into four groups:

1) Station 6, 70 m west of the second platform,
contains a rather poor fauna, that is dominated by
Bulimina aculeata, Bulimina marginatand Uvigerina
peregrina

2) Stations 4, 13 and 18, all at 250 m or less fthen
disposal sites, contain abundant foraminiferal &mn
which are dominated bBulimina marginateandBulimina
aculeata Uvigerina peregrinais common at stations 13
and 18, whereakggerellasp. 1 contributes significantly
to the fauna at stations 4 and 1Bulimina costata
Trifarina bradyi and Textularia sagittulaare taxa that
occur mainly at these three sites, albeit in lonambers.
Most of these species are known in the literatuse a
opportunists, which are typical of organic carbaniehed
environments.

3) Stations 2, 3, 17 and 19, all more than 250 amfr
the disposal sites, are characterized by poor fauna
without clearly dominant species.
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Figure 8. Site 3, water depth 180 m. Density and
composition of the living foraminiferal faunas observed
in the first 3cm of the sediment) standardized for
10 cm® sediment volume,

4) Station 16, 730 m south of NKF2, contains
intermediate numbers of foraminifera; the fauna is
dominated byN. scaphum, U. peregrina, C. auriculard
B. marginata.

We conclude that the faunas found at stations 263,
17 and 19 (all farther than 250 m from the dispasias)
represent faunas, that are not (station 2), de lithpacted
by the drilling cutting deposits. Stations 4, 13dab8
(between 70 m and 250 m from disposal sites) contai
very rich faunas with increased percentages of
opportunistic species, indicating a significant &opof the
oil drill activities, resulting in eutrophicated rditions.
The poor faunas of station 6, only 70 m from the&pdsal
site, finally, testify of a maximal environmentaipact.

Site 4, off Angola, water depth 670 m

The total number of living individuals found in the
uppermost 3 cm of sediment (volume = 37.7)cwaries
between 7 and 50 individuals per 10°c(figure 9). A
maximum faunal density is found at station S31, 890
east of the disposal site. Towards the east dessiti
gradually decrease towards station S34, 1800 m fien
platform. At station S35, 2000 m W of the site, we
observed an intermediate faunal density (15 indiaisl
per 10 crf).

At stations S33 and S34, the faunas are dominated b
Uvigerina peregrina, Karreriella bradyi, Cancris
auriculus, Globobulimina affinisand Cribrostomoides
subglobosusAll these taxa are typical of unpolluted upper
continental slope settings

At station S31, 300 m SE of the disposal site, wher
the faunal density is maximdl. peregrina, C. auriculus
and C. subglobosushave almost disappeared, whereas
Chilostomella oolina, Reophax scorpiurasd Bolivina
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35 . studied areas, with water depths varying from 36740 m,
B Reophax scorpiurus different indicator species had to be _selectedaa’mh area.
30 W Karreriefta bradyi At well AGMB6, off Gabon,Cancris congolensisnd
W Critrostomoides sugblobosus Lagenamminasp. are used as indicators of eutrophicated
05 | : g:’;%ifézi nﬁﬁ;:%;s conditiqns level at the sea flo_or, at a water dehtBO m.
&3 W Chilostomelta oofing In. figure 10, the cumulqtlve percentage Qf these tw
== O Caneris aurictius taxa is plotted against the distance from the diapsite. It
ZE 20, £ Buiimina marginata can be seen that at stations the fauna containe than
3 ® Boiivina albatrossi 70% of these two taxa. This is due to the fact thiat site
%E ‘5 is under the direct influence of the Ogooué Riwehnjch
55 supplies large amounts of organic matter, and chase
’ natural eutrophication of the benthic ecosysteme Th
101 impact of the supplementary stress due to oil drill
activities appears to be minimal, and as a conseme¢he
5 foraminiferal index of ecosystem perturbation doed
i reveal significant differences between stations.
0 | ) _

S35 S31 532 533 534
2000mw  300mE 500mE 1000mE 1800mE
Figure 9. Site 4, water depth 570 m. Density and
composition of the living foraminiferal faunas
(observed in the first 3cm of the sediment)

standardized for 10 cm? sediment volume.

albatrossi have become dominant faunal elements.
Chilostomella oolinais 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. Althouihle
relative frequency oblvigerina peregrinais already low,
Cancris auriculusis still present with a high relative
frequency. The maximum percentageQrfbrostomoides
subglobosust this station is remarkable.

Also the faunal composition at station S35, 2 km NW
of the disposal site, shows intermediate charatiesi
Because of the presence &. oolina and the low
percentages df. auriculusandC. subglobosyghe faunas
resemble those of station S31, but the elevateceptage
of U. peregrinais similar to the faunas at stations S33 and
S34.

This faunal distribution pattern indicates a sigaiht

environmental impact of drill mud disposal at siatS31,
300 m SE of the disposal site. At station S32, BOBE of
the disposal site, a minor environmental stressstidirbe
distinguished, whereas the faunas of stations 883534,
1 and 2 km from the disposal site, respectivelyeap to
represent the background faunas. The fauna obst&B5
suggests a slightly different sedimentological eant
which complicates the comparison with the faunashef
four other stations.

Discussion

In order to quantify the impact of pollution duedoll
cutting disposal, we tentatively developed a forafaral
index based on the cumulative relative abundance
(percentage of the total fauna) of all taxa indieatof
stress and/or ecosystem eutrophication. Since dberal
environmental conditions are very different in tfoaur

Site 1 {(Gabon - 30 m)

160 5+
:g % & o L5 o1
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of stress and eutrophication

0 500 1000 1500 2000
Distance from discharge points {m}

2500

Figure 10. Cumulative percentage of taxa indicative of
natural and/or anthropogenic eutrophication and
ecosystem stress, in function of distance to the drill
cutting disposal site (Site 1, off Gabon, water depth 30
m).

At site 2 (90 m water depth) off Congo, Amphicoryna
scalaris, Ammoscalaria foliacea, Cancris auriculus,
Eggerella sp. 1, Globobulimina affinis, Gyroidinegd

umbonatus, Cribrostomoides jeffreysii, Nouria
polymorphinoides have been selected indicators of
eutrophicated conditions and/or environmental stres

(Figure 11). With the exception of station 5, the
cumulative percentage of these taxa shows a strong
logarithmic correlation with the distance to thesptisal
site (7 = 0.83). The foraminiferal index makes a clear
distinction between strongly impacted stationsr{d 6, >
70% indicator species), moderately impacted statifh
and 3, 50-70% indicator species), and weakly or non
impacted stations (1 and 7) with less than 50%hdicator
species. At station 5, closest (100 m) to the diapsite,

the foraminiferal index does not correctly represtme
stressed conditions. This is due to the povertheffauna,
which makes the use of percentage data inapprepriat



SPE 111959
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Figure 11. Site 2, off Cango, water depth 90 m.
Cumulative percentages of taxa indicative of
eutrophication and/or ecosystem stress, in function of
distance to the drill cutting disposal site. NB. Station 5
has been omitted from the calculation of the
correlation.

At site 3, at 180 m water depth, the foraminiferal
indicators of environmental stress and/or eutrogivo
are Amphicoryna scalaris Bolivina striatula Bulimina
aculeata Bulimina costata Bulimina marginata
Cribrostomoides subglobosus Eggerella  spl,
Globobulimina affinisHaplophragmoidesp.,Jadammina
macrescens Rosalina globularis Nouria
polymorphinoides Textularia sagittula Trifarina bradyi
andUvigerina peregrina(Figure 12). For this area, a very
good logarithmic correlation ¢R= 0.83) is found between
the cumulative percentage of the marker speciestlaad
distance from the discharge sites.

A clear distinction can be made between strongly
impacted stations (3, 6, 13 and 18), with more th@%
marker species, moderately impacted stations (daridd
19, 50 to 70% index species), weakly impacted atati
(16, 20-50% marker species) and non impacted stio
(2), with less than 20% index species.

Site 3 {Congo - 180 m)

100 13
901 4¢

y = 20.84Ln{x) + 179.66
R =083

of stress and eutrophication
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Percentage of species indicative

101

T T T T
0 500 1000 1500 2000
Distance from discharge points (m)

2500

Figure 12. Site 3, off Congo, water depth 180 m.
Cumulative percentages of taxa indicative of
eutrophication and/or ecosystem stress, in function of
distanceto thedrill cutting disposal site.

At the much deepesite (4; water depth 670 m), the
faunal response to ecosystem perturbation is $fight
different. In this continental slope setting, thepsal of
drill cuttings and fluids does only lead to a wéi@quency
increase of opportunistic species. In this area,aberall
density increase of the fauna at the most impast@ibns
is accompanied by a disappearance of the moretisensi
taxa. For this reason, the cumulative percentagmeties
indicative  of  ecosystem  eutrophication  and/or
environmental stresChilostomella oolina Amphicoryna
scalaris Bolivina spp Bulimina spp Buliminella
rotundatg Cribrostomoides subglobosug-ursenkoina
complanata Lagenammina difflugiformjs Reophax
scorpiurusand Technitella leguméndoes not attain very
high values, and shows only limited differencesween
stations (figure 13). Station S31, closest (300ton}the
disposal site, is the only station with more thabfos
marker species, which in the other areas was cereidas
the lower limit of moderately impacted conditio®tation
S35, with a slightly different sedimentological oext,
does not follow the tendency of the eastern (S34)S3
transect.

Site 4 {Angola - 670 m)
100

2 0 y = 18.042Ln(x) + 151.38
82 R'=0.82
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=L 704
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w5 504
55
g*ﬁ o 533 *S35
8¢ 304 4 0
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§§ 201
£ 104 534
0 : . : : .
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Figure 13. Site 4, off Angola, water depth 570 m.
Cumulative percentages of taxa indicative of
eutrophication and/or ecosystem stress, in function of
distance to the drill cutting disposal site (Site 4,
Angola). Station S35 has been omitted for the
calculation of theregression curve.

The progressive disappearance of taxa sensitive to
ecosystem perturbation  Céncris auriculus
Cribrostomoides sugblobosusnd Uvigerina peregring
towards the disposal site offers the possibilitptesent a
second biotic index, based on their cumulative fesy.

In figure 14 it can been seen that along the tretrsast of
the discharge point (S31-S34), their cumulative sitgn
shows a clear correlation with the distance frome th
discharge point. Once again, station S31 standa®tie
only station with a clear environmental impact.
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Site 4 (Angola - 670 m)
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Figure 14. Site 4, off Angola, water depth 570 m.
Cumulative percentage of taxa sensitive to ecosystem
stress, in function of distance to the drill cutting
disposal site.

Conclusion

Foraminiferal faunas provide an extremely powerful
tool to determine the environmental impact of aillld
activities in open marine environments. The comiima
of faunal density, species composition and diveriiot
treated in this paper) allows in all investigateshtinental
shelf and slope environments to distinguish between
severely, moderately, slightty and non impacted
ecosystems.

A foraminiferal index, based on the cumulative
percentage of opportunistic taxa, characteristic of
eutrophicated conditions, and taxa tolerant ofdtnessed
conditions caused by oxygen depletion and the eeént
presence of toxic compounds, allows to describe the
environmental impact quantitatively. Severely intedc
sites contain more than 70% index species, whdaeamss
with 50-70% index species are characteristic for
moderately impacted conditions. Faunas with less th
50% marker species are representative for weakly
impacted or non impacted conditions.

This foraminiferal index is particularly adequateaur
two deepest continental shelf settings (90 andri.&Gater
depth, respectively). At a shallow site (30 m watepth)
in front of the Ogooué river, all stations attaialues
above 70%, which appears to be due to natural
eutrophication resulting from abundant nutrientuindue
to riverine outflow. At a 680 m deep upper sloptiseg,
this index is less selective. Here, the cumulative
percentage of stress-sensitive taxa, which arditsieto
disappear in case of ecosystem perturbation, descthe
environmental impact particularly well.

The foraminiferal indices presented in this paper,
appear to describe the extent of environmental anpary
adequately. However, supplementary tests arenstiitled,
and the choice of the marker species in differentagical
settings and water depth has still to be formalised
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