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Ben thic foraminifera (to tal as sem blages) were stud ied from 30 sea-floor sam ples col lected along a bathymetric transect on the south ern
shelf of the Marmara Sea from depths of 15–350 m. At each sta tion, Kaiho’s Ben thic Foraminiferal Ox y gen In dex (BFOI) was cal cu lated
based on spe cies abun dances us ing the meth ods out lined by Kaiho (1994). The cal cu lated BFOI val ues were con verted to an a logue ox y -
gen val ues, and cal i brated to the dis solved ox y gen val ues mea sured 1 m above the sea-floor at each sta tion.  In the sur face wa ters and cen -
tral part of the Marmara Shelf transect, the BFOI val ues re pro duce the mea sured dis solved ox y gen val ues with a re mark able de gree of
ac cu racy. Be neath the pycnocline at depths of 30 to 75 m, the BFOI un der es ti mated the mea sured ox y gen val ues. This dis crep ancy is at -
trib uted to sea son ally higher sum mer ox y gen val ues within the chlo ro phyll max i mum, cor re spond ing to the po si tion of the Med i ter ra -
nean In flow Wa ter (MIW) pres ent dur ing sum mer. In the deeper part of the transect (be low 140 m), BFOI val ues over es ti mated the
mea sured ox y gen val ues.  This dis crep ancy is at trib uted to the pres ence of denser MIW that cas cades down the sub ma rine can yon be -
neath the Marmara ship chan nel dur ing win ter, ven ti lat ing the deep Marmara Sea. The BFOI ac cu rately points out the sea sonal dif fer -
ences in the po si tion and depth of the MIW in the south west ern Marmara Sea. The BFOI likely re flects the lon ger-term ox y gen val ues
av er aged over the span of many years. 
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INTRODUCTION

The Marmara Sea is a small, but deep ma rine ba sin that
links the east ern Med i ter ra nean with the Black Sea. Sur face
wa ters in the Marmara Sea are dom i nated by outflowing brack -
ish wa ters orig i nat ing from the Black Sea, while the highly sa -
line deep-wa ter of the Marmara Sea is of Med i ter ra nean or i gin.
The strong halocline pres ent at around 30 m depth pre vents the
mix ing of these two wa ter masses, and con se quently the deep-
 wa ters of the Marmara Sea be come dysoxic, with dis solved ox -
y gen val ues typ i cally be low 1.5 ml/l (Alavi, 1988). A
bathymetrical transect on the Marmara Sea shelf there fore in -
ter sects wa ter masses that ex hibit a strong gradient in dissolved
oxygen content. 

As part of a larger ini tia tive to study the foraminiferal as sem -
blages of the Marmara Sea and the his tory of ma rine con nec tions 
with the Med i ter ra nean (Aksu et al., 2002a, b; Kaminski et al.,
2002) we col lected a depth transect of grab sam ples on the
south ern shelf of the Marmara Sea. The area was se lected be -

cause this sec tor of the Marmara Sea was deemed to be suf fi -
ciently far from in dus trial cen tres and ship ping lanes that the
sea-floor is likely to be rel a tively un af fected by hu man ac tiv i ties.
Pre vi ous stud ies in the area have con cen trated solely on the dis -
tri bu tion of the ben thic foraminiferal taxa (e.g., Chendeş et al.,
2004; Avşar et al., 2006; Phipps et al., 2010; Frontalini et al.,
2011), and com pared the ma jor foraminiferal as sem blages to the
wa ter masses pres ent in the area. The aim of this study is to ana -
lyse the foraminiferal data pub lished pre vi ously (Phipps et al.,
2010) to cal cu late Kaiho’s Ben thic Foraminiferal Ox y gen In dex
(BFOI; Kaiho, 1991, 1994, 1999) and cal i brate the in dex val ues
to the dis solved ox y gen con tents mea sured in bot tom wa ters at
the same sam ple sta tions.

The BFOI is a pow er ful tool for in ter pret ing changes in bot -
tom wa ter ox y gen a tion in the geo log i cal past (Kaiho, 1991).
The first di rect cal i bra tion of the BFOI to mea sured dis solved
ox y gen val ues was pub lished by Kaiho (1994), but all of the
sta tions with low ox y gen val ues in his study were from the mar -
gins of the Pa cific Ocean. Be cause of the lack of di rect cal i bra -
tion of the BFOI to bot tom wa ter ox y gen val ues in the At lan -



tic–Med i ter ra nean re gion, some au thors work ing with the east -
ern Med i ter ra nean sapropels have avoided the use of the BFOI
for in ter pret ing past ox y gen val ues (e.g., Abu-Zied et al.,
2008). Oth ers (e.g., Morigi, 2009) have used the BFOI to in ter -
pret changes in ox y gen a tion across Sapropel S5 in the Med i ter -
ra nean, but with the ca veat that the in dex has not been cal i -
brated to mod ern fau nas.  Since the ob served ox y gen val ues in
the Marmara Sea are well within the range of dis solved ox y gen
val ues that Kaiho (1994) used to orig i nally cal i brate his in dex, I 
be lieved that this proxy could be in de pend ently cal i brated and
ap plied in the east ern Med i ter ra nean area. By cal i brat ing this
proxy to the mod ern dis solved ox y gen val ues in the study area,
it should be pos si ble to better interpret the Quaternary
palaeoceanography of deep-water masses in the Marmara Sea
and adjacent areas.

STUDY AREA

The Marmara Sea lies in a transtensional ba sin sit u ated
along a set of an ech e lon dextral strike-slip faults that form part
of the North Ana to lian Trans form Fault sys tem (Aksu et al.,
2000). Two rel a tively shal low and nar row straits known as the
Dardanelles and the Bosphorus link the Marmara Sea with the
Aegean Sea to the west and the Black Sea to the north-east re -
spec tively and serve as the only con nec tions be tween the Black 
Sea and the Med i ter ra nean (Fig. 1). Al though the Dardanelles
Strait reaches depths of 100–110 m, there are sev eral sills with
con tem po rary depths of 60–70 m; as a re sult these sills pre vent
the trans fer of deep-wa ter be tween the Aegean Sea, Marmara
Sea and Black Sea (Ergin et al., 1997). At pres ent, brack ish sur -
face wa ter from the Black Sea out flows into the Marmara Sea
through the Bosphorus Strait, while sa line deeper wa ter from
the Marmara Sea flows north wards as a countercurrent. This
two way flow is re peated in the Dardanelles Strait, thereby cre -
at ing an over all estuarine cir cu la tion within the Marmara Sea.
Due to the strong out flow of brack ish 
Black Sea wa ters, a strong halocline
is pres ent through out the Marmara
Sea, gen er at ing low-ox y gen and
strat i fied con di tions be low a thin,
well-mixed and more highly ox y gen -
ated sur face layer.

METHODS

Sam ples ac quired for micro -
palaeontological anal y sis were col -
lected on board the R/V Koca Piri
Reis of the In sti tute of Ma rine Sci -
ences and Tech nol ogy, Dokuz Eylűl
Uni ver sity, Izmir, Tur key dur ing
Cruise MAR-02 in Au gust 2002.
Dur ing the MAR-02 cruise sea-floor
sed i ments were col lected at 30 sta -
tions us ing a Shipeck grab sam pling
de vice along a depth transect ex tend -
ing from 15 to 350 m wa ter depth.

The lo ca tions of sam ples taken along the transect are shown in
Fig ure 2. Sur face sed i ment was scraped from the sur face of the
re cov ered grab sam ple with a spat ula, im me di ately washed on
board ship through a 63 mm sieve, and the sand frac tion pre -
served in eth a nol with Rose Ben gal stain. Sam ples were sub se -
quently washed over a 63 mm sieve again to re move the ex cess
stain, dried, and split into aliquots us ing a mod i fied Otto
microsplitter. Ben thic foraminifera were picked from the
>25 mm frac tion and mounted onto card board ref er ence slides
for count ing by Chendeş et al. (2004). In this study, all cal car e -
ous ben thic foraminiferal spec i mens mounted on the ref er ence
slides were iden ti fied us ing tax o nom i cal stud ies by Parker
(1958), Yanko and Troitskaya (1987), Cimerman and Langer
(1991), Sgarrella and Moncharmont Zei (1993), and Ras mus -
sen (2005). 

En vi ron men tal pa ram e ters such as wa ter depth (m), tem -
per a ture (°C), sa lin ity (g/L), and dis solved ox y gen (ml/l) were
mea sured in situ at 1 metre in ter vals in ver ti cal pro file at each
sta tion. Stan dard CTD pro files were ob tained at each sta tion
us ing a SBE-911 CTD, equipped with pres sure, tem per a ture
and con duc tiv ity sen sors. The ac cu racy, mea sure ment range,
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Fig. 1. Lo ca tion of the Marmara Sea, with the Dardanelles and
Bosphorus straits in di cated, mod i fied from Aksu et al. (2002)

Fig. 2. Sim pli fied map of the south west ern Marmara Sea shelf, show ing the lo ca tion of sam pled
transect sta tions

The 100 m con tour in the north ern part of the sam ple transect out lines the lo ca tion of the sub ma rine can -
yon be neath the Marmara Ship Chan nel. The ar row in di cates the ap prox i mate lo ca tion of the axis of the
subsurface Med i ter ra nean In flow Wa ter (MIW) cur rent where it im pinges on the sea-floor, as ob served in
dur ing the MAR-02 cruise in sum mer 2002



and res o lu tion of CTD sen sors are given in Ta ble 1. Sea Bird
CTD sen sors were cal i brated by the north west Re gional Cal i -
bra tion Cen ter (op er at ing un der con tract to NOAA) once a
year.

The well-pre served live (stained with Rose Ben gal) and
dead foraminiferal spec i mens from the sam ples picked by
Chendeş et al. (2004) were grouped into the Oxic, Suboxic, and 
Dysoxic morphogroups de scribed by Kaiho (1994), and their
abun dances were en tered into an ex cel spread sheet. A list of
spe cies and counts used in the com pu ta tion of the BFOI were
pub lished in the study of Phipps et al. (2010). Frag mented tests
were ex cluded from the count ing, as these may have been
trans ported. The list of iden ti fied spe cies sub di vided into their
re spec tive morphogroups is given in Ap pen dix 1.

Kaiho (1994) pro vided two em pir i cal equa tions that he
used to cal cu late the BFOI, de pend ing on the pres ence or ab -
sence of oxic spe cies. Be cause at least one oxic spe cies was
found in each Marmara Sea sam ple, the fol low ing equa tion
was used:

{ [ O / ( O + D ) ] ´ 100 }

where: O – pro por tion of oxic spe cies, D – pro por tion of dysoxic spe cies. 

Kaiho (1994) found no sig nif i cant cor re la tion be tween
BFOI val ues and ob served dis solved ox y gen at sta tions where
ox y gen lev els are above 3.5 ml/l, whereas a good cor re la tion
ex isted where dis solved ox y gen val ues are be tween 1.3 and
3.3 ml/l. As the lin ear re gres sion equa tion be tween BFOI val -
ues and dis solved ox y gen val ues was not pro vided by Kaiho
(1994, 1999), the cal cu lated ox y gen val ues were es ti mated by
read ing off ox y gen val ues from Kaiho’s (1994) x–y plot of
BFOI val ues vs. dis solved ox y gen (ml/l) with the help of a
ruler. The rel a tive pro por tions of ben thic foraminiferal
morphogroups in each sam ple, BFOI val ues, and cal cu lated
ox y gen val ues are given in Ap pen dix 2.

RESULTS

WATER MASS PROPERTIES

Our hy dro graphic sur vey re sults for dis solved ox y gen
(ml/l), sa lin ity, and tem per a ture (°C) plot ted against depth
across the transect were re ported by Phipps et al. (2010) and are 
re plot ted in Fig ure 3. Along the transect five dis tinct
hydrographical zones can be iden ti fied in ver ti cal pro file:

1. Sur face wa ter. The sur face layer to a depth of ~15 m
rep re sents a ho mo ge neous, brack ish (sa lin ity = 22.6–22.8),

warm, low-den sity wa ter mass with ox y -
gen val ues be tween 3 and 4 ml/l. The
prop er ties of this sur face wa ter are in dic a -
tive of out flow wa ter of Black Sea or i gin. 

2. Pycnocline wa ter. This zone
ranges from 15 m to 25 m, and rep re sents
the pycnocline where tem per a ture drops
rap idly from 25.8 to 19.8°C, and sa lin ity
rises rap idly from 22.8 to 37.9. Small
patchy max ima in dis solved ox y gen val -
ues are ob served here with val ues lo cally

in ex cess of 5 ml/l, cor re spond ing with the sum mer subsurface
chlo ro phyll max i mum. The higher dis solved ox y gen val ues
mea sured here can be at trib uted to sea sonal photosynthetic ac -
tiv ity. Along our transect, sea-floor dis solved ox y gen val ues
reach 4.3 ml/l. Be tween 25 m and 30 m the dis solved ox y gen
con tent de creases again be low the pycnocline. It is likely that
this drop in val ues is due to re duced mix ing be neath the brack -
ish sur face wa ter. 
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Pa ram e ter Mea sure ment range Ac cu racy Res o lu tion

Pres sure [psi] 0 to 3000 0.015% of full scale 0.001% of full scale

Tem per a ture [°C] –5 to +35 ±0.001  0.0002  

Con duc tiv ity [S/m] 0 to 7 ±0.0003 0.00004

Dis solved ox y gen [ml/l] 0 to 15 ±0.1      ±0.01        

T a  b l e  1

Prop er ties of SBE-911 CTD sys tem sen sors

Fig. 3. Ver ti cal pro files of tem per a ture, sa lin ity and dis solved ox y gen
sam pled at 1 m depth in ter vals along the transect in sum mer 2002

Num bered ar rows point to the lo ca tions of ver ti cal T-S-O pro files
 and sea-floor grab sam ples



3. Med i ter ra nean in flow wa ter. This depth zone is char -
ac ter ised by a rise in dis solved ox y gen lev els, with a peak value 
of 4.09 ml/l at 50 m. A sim i lar pat tern is ev i dent in the tem per a -
ture and sa lin ity val ues. This zone rep re sents the sum mer in -
flow of the warm, sa line Med i ter ra nean countercurrent that
orig i nates in the Dardanelles Strait, turn ing to a south east erly
di rec tion into Erdek Bay. 

4. Up per Marmara Sea deep-wa ter. This wa ter mass is
found from 60 to 300 m depth, and is char ac ter ized by sta ble
sa lin ity con di tions (38.6–38.8), and a grad ual de cline in tem -
per a ture (16.2–14.4°C) and dis solved ox y gen val ues
(3.79–1.09 ml/l). 

5. Lower Marmara Sea deep-wa ter. This wa ter mass
shares the same tem per a ture and sa lin ity trends as Zone 4, but
dis solved ox y gen val ues show a small in crease from 1.09 ml/l
at 300 m to 1.42 ml/l at 325 m.  This rise in ox y gen val ues is ev -
i dence of an un der cur rent of Med i ter ra nean or i gin that flows
down the sub ma rine can yon to the deeper part of the transect
be neath the Marmara Ship Chan nel. The win ter in flow of MIW 
is cooler and there fore denser, and this in flow ven ti lates the
deeper por tion of the Marmara Sea. 

THE BFOI 

A to tal of 211 cal car e ous ben thic foraminiferal taxa be -
long ing to 67 gen era were iden ti fied in the sam ples (Phipps et
al., 2010). Among them, 32 taxa show a rel a tive abun dance
higher than 5% in at least one sample. 

The cal cu lated BFOI val ues in the transect range from a
low of 1.50 at 65 m, to 98.25 at 18 m. The cal cu lated ox y gen
val ues based on the BFOI are plot ted in Fig ure 4, along side the
dis solved ox y gen val ues mea sured at 1 m above sea-floor at
each sta tion. Al though in the com plete data set the cor re la tion
be tween mea sured and cal cu lated dis solved ox y gen val ues is
weak (Pearson’s r  =  0.40), de vi a tions may be ex plained by
sea sonal changes in the hydrography at cer tain depths in the
transect. Along the transect four depth-re lated zones can be
iden ti fied that are re lated to the wa ter-mass struc ture. These
zones are char ac ter ized as fol lows:

1. Sur face wa ter (15 to 30 m depth). The shal low est part
of the transect is in flu enced by brack ish Marmara Sea sur face
wa ter to the depth of the pycnocline and chlo ro phyll max i mum. 
Here, the ob served and cal cu lated ox y gen show strik ingly sim -
i lar val ues. 

2. Med i ter ra nean In flow Wa ter (30 to 75 m depth). This
zone rep re sents the in flow of the sum mer Med i ter ra nean
countercurrent, vis i ble in the patch of subsurface high sa lin ity
val ues in Fig ure 3. Here there is a de par ture be tween the mea -
sured and cal cu lated dis solved ox y gen val ues. The cal cu lated
ox y gen based on the BFOI dis plays lower val ues than the mea -
sured sum mer ox y gen val ues in this part of the transect – this
could be due to sea sonal vari a tions in the depth and lo ca tion of
the MIW, with a less dense inflowing cur rent caus ing lo cally
el e vated ox y gen val ues in the sum mer com pared with win ter
con di tions. 

3. Up per Marmara Sea deep-wa ter (75 to 140 m). This
part of the transect rep re sents sta ble hy dro graphic con di tions
found be low the sum mer MIW layer. Dis solved ox y gen val ues

in this zone are well within the use ful range for as sess ing the
va lid ity of Kaiho’s BFOI. Here, the ob served and cal cu lated
dis solved ox y gen val ues co in cide sur pris ingly well, with some
val ues show ing only 0.03 ml/l dif fer ence. There is no sig nif i -
cant dif fer ence be tween the means of the ob served and cal cu -
lated ox y gen val ues in this part of the transect as de ter mined by
Stu dent’s paired t-test (n = 9, p = 0.13).

4. Lower Marmara Sea deep-wa ter (140 to 350 m). The
transect be low 140 m again shows a de par ture be tween cal cu -
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Fig. 4. Com par i son be tween dis solved ox y gen val ues mea sured at 1 m
above sea-floor and an a logue ox y gen val ues cal cu lated from the BFOI

Also shown are the re sid u als. Neg a tive res i dues in the Med i ter ra nean In -
flow Wa ter in di cate that the BFOI un der es ti mates the mea sured ox y gen,
while pos i tive re sid u als in the Marmara Sea deep-wa ter in di cate that the
BFOI over es ti mates the mea sured ox y gen



lated and ob served ox y gen val ues, with two peaks in cal cu lated 
ox y gen val ues that are sig nif i cantly higher than the ob served
ox y gen val ues. The dif fer ence be tween the means is sig nif i cant 
at a 99% con fi dence level as de ter mined by Stu dent’s paired
t-test (n = 9, p = 0.0001). These peaks do not match any sum -
mer hydrographical ev i dence for a well-ox y gen ated in flow at
these depths.  How ever, the rise in BFOI val ues does co in cide
with a peak in % frag men ta tion and in di ver sity as mea sured by
the Fisher a-in dex (Phipps et al., 2010). Also, some of the
sea-floor sam ples in the deep part of the transect con tained vis i -
bly more sand and gravel. This sup ports the idea of the pres -
ence of a well-ox y gen ated win ter MIW bot tom cur rent that
flows down the sub ma rine can yon into the deep Marmara Sea
(Nielson, 1912).  

DISCUSSION

The BFOI is by now a well-es tab lished proxy for dis solved
ox y gen con tent of bot tom wa ters, and has been used by var i ous
work ers to in ter pret changes in ox y gen a tion as far back as the
Cenomanian (Kaiho et al., 1993). In the Ro ma nian
Carpathians, Cetean et al. (2011) used the BFOI to in ter pret
changes in ox y gen a tion across the Santonian–Campanian
bound ary in ter val, while in the west ern Med i ter ra nean area
Alegret et al. (2003) used the in dex to as sess en vi ron men tal
changes across the Cre ta ceous–Paleogene bound ary in the
Agost sec tion in south ern Spain. Drinia et al. (2003) used the
in dex to in ter pret the ox y gen a tion of up per Mio cene sed i ments
on Gavdos Is land, Greece. Morigi (2009) cal cu lated the BFOI
val ues across the Qua ter nary sapropel S5 layer and used the
proxy to in ter pret trends in ox y gen a tion in the east ern Med i ter -
ra nean, while Drinia and Anastasakis (2012) used the BFOI to
in ter pret the Ho lo cene his tory of ox y gen a tion in the North
Evoikos Gulf, Greece, a land locked, semi-en closed ma rine ba -
sin that is con nected to the Aegean Sea through a nar row strait.
How ever, the ac tual cal i bra tion of the BFOI in the mod ern
ocean, and es pe cially in the At lan tic-Med i ter ra nean sec tor, is
based on rather sparse data. The cal i bra tion of the BFOI to
mea sured ox y gen lev els was orig i nally car ried out in the Pa -
cific Ocean (Kaiho, 1994), were large ar eas of the con ti nen tal
mar gins are sub jected to suboxic or dysoxic con di tions. With
no ta ble ex cep tions, most parts of the At lan tic Ocean and Med i -
ter ra nean have dis solved ox y gen con tents >3 ml/l, and are
within range of val ues that show a very weak cor re la tion to the
BFOI proxy in Kaiho’s study. In deed, a num ber of re search ers
work ing on ben thic foraminifera from Med i ter ra nean
sapropels avoid the use of the in dex al to gether (e.g., Schmiedl
et al., 2003; Abu-Zied et al., 2008), and in stead emphasise the
role of trophic gra di ents and car bon flux in struc tur ing ben thic
com mu ni ties (e.g., Jorissen et al., 2007). How ever, those who
are of the opin ion that ben thic foraminiferal as sem blages are
en tirely con trolled by trophic gra di ents would need to ex plain
why there is any cor re la tion at all between the proportions of
foraminiferal morphogroups used to calculate the BFOI and the 
dissolved oxygen content in bottom waters. 

The Marmara Sea is a dysoxic ba sin with dis solved ox y gen
val ues as low as 1 ml/l in the deeper east ern parts of the ba sin
(Alavi, 1988). There fore, I as sumed that the BFOI proxy

should be of po ten tial util ity for in ter pret ing the his tory of bot -
tom wa ter ven ti la tion in the Marmara Sea. Aksu et al. (2002a)
cal cu lated BFOI val ues in sam ples col lected from a pis ton core
from the south ern Marmara Shelf and showed that the Ho lo -
cene val ues of the in dex have been fairly con stant since the
reflooding of the sea fol low ing the last deglaciation. In this pis -
ton core col lected at 111 m depth on the south ern Marmara
Shelf the core-top BFOI value faith fully re pro duced the mod -
ern sea-floor dis solved ox y gen value mea sured at the same lo -
cal ity, which strongly sug gested the proxy could be used to in -
ter pret the Ho lo cene his tory of the Marmara Sea. How ever, at
the time Aksu et al. (2002) in ter preted the ben thic foraminiferal 
re cord from this core in terms of the BFOI proxy, there were no
pub lished stud ies of mod ern foraminifera that di rectly cal i -
brated the BFOI val ues to mea sured mod ern dis solved ox y gen
con tents in the Med i ter ra nean or its mar ginal seas. The cur rent
study was there fore un der taken with the aim of pro vid ing cal i -
bra tions between hydrographic parameters and this micro -
palaeontological proxy. 

The cor re la tion be tween BFOI and O2 val ues mea sured in
the sum mer of 2002 can be seen in Fig ure 4. The three shal low
sta tions (15, 18 and 25 m) are un der the in flu ence of brack ish
sur face wa ters, which are well-ox y gen ated, and the BFOI val -
ues al most ex actly re pro duce the mea sured O2 val ues. How -
ever, at deeper sta tions on the Marmara shelf (be tween 30 and
75 m) the BFOI un der es ti mates the dis solved ox y gen val ues as
ob served in the sum mer of 2002. In the sum mer months a
subsurface chlo ro phyll max i mum is pres ent, and con se quently
dis solved ox y gen val ues are ex pected to be higher than in win -
ter. This anom aly dis ap pears at 75 m depth, and the BFOI and
mea sured O2 val ues cor re late very well on the outer shelf of the
south west ern Marmara Shelf.  

Be low 150 m depth in the Marmara Ship Chan nel, the
BFOI over es ti mates the sum mer O2 val ues. The fau nal pro por -
tions in the foraminiferal sam ples and higher spe cies di ver sity
val ues ob served at 300–350 m depth sug gest that a more
well-ox y gen ated wa ter mass ought to be pres ent at the deeper
sta tions (Phipps et al., 2010; Frontalini et al., 2011). Cibicides
advenum, for ex am ple, is a spe cies placed in the oxic
morphogroup that lives at tached to the sub strate, and its el e -
vated pro por tions (around 7%) here is likely re lated to the pres -
ence of coarser sub strate (re cov ered sed i ment at some of the
deeper sta tions con tained vis i bly coarse sed i ment, in clud ing
peb bles) and a well-ox y gen ated wa ter mass. In win ter, the
MIW is cooler and denser, and cas cades down the sub ma rine
can yon be neath the Marmara Ship Chan nel, ven ti lat ing the
deeper wa ter mass of the Marmara Sea. The Dan ish Ocean og -
raphi cal Ex pe di tion of 1908–1910 first iden ti fied a denser
“win ter wa ter” of Med i ter ra nean or i gin in the deep ba sin of the
Marmara Sea, and a rel a tively lighter “sum mer wa ter” mass of
Med i ter ra nean or i gin that flows in at shal lower lev els dur ing
the sum mer months (Nielson, 1912). Dis solved ox y gen con -
cen tra tions in the deeper layer were shown to be higher than at
sta tions within the sum mer wa ter mass. In our data set the small 
in crease in ox y gen val ues at the two deep est sta tions
(325–350 m) pro vides ev i dence of this lin ger ing win ter un der -
cur rent of Med i ter ra nean or i gin. How ever, we have no win ter
T-S-O pro files col lected along the transect to cor rob o rate these

Calibration of the Benthic Foraminiferal Oxygen Index in the Marmara Sea 761



ob ser va tions, and the cor re la tion be tween the BFOI and win ter
O2 values remains to be tested.

CONCLUSIONS

1. Kaiho’s BFOI can ac cu rately re pro duce the mea sured
dis solved ox y gen val ues in the Marmara Sea, thereby ex pand -
ing the po ten tial use ful ness of the method to the Med i ter ra nean
area. On the outer shelf of the Marmara Sea there is es sen tially
no dif fer ence be tween the ob served O2 val ues mea sured 1 m
above the sea-floor and the an a logue ox y gen val ues cal cu lated
from the BFOI proxy. 

2. The dis crep an cies be tween cal cu lated and mea sured dis -
solved ox y gen val ues can be ex plained by the com plex ocean -
og ra phy of the south west ern Marmara Sea in the prox im ity of
the Dardanelles Strait. At deeper sta tions be neath the Marmara
Ship Chan nel, a win ter bot tom cur rent of Med i ter ra nean or i gin
may be re spon si ble for the el e vated BFOI val ues com pared
with O2 val ues ob served in sum mer. Dur ing the sum mer the
MIW oc cu pies an in ter me di ate depth, turn ing to wards the
south-east over the south ern Marmara Shelf, while the win ter
in flow is denser and cas cades down the sub ma rine can yon be -

neath the Marmara Ship Chan nel, ven ti lat ing the deeper wa ters
of the Marmara Ba sin. It is likely that the BFOI based upon
dead foraminiferal as sem blages col lected from sur face sed i -
ment re flects the multi-an nual av er age of dis solved ox y gen val -
ues in the area. Con se quently, a com par i son of the BFOI with
the sum mer O2 val ues mea sured at the time of sam pling high -
lights the sea sonal vari a tions in the lo cal hydrography of the
south west ern Marmara Sea. 
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APPENDIX 1

List of taxa found in the Marmara Sea transect, grouped ac cord ing to the ox y gen-re lated fau nal groups 
of Kaiho (1994). The full taxon names and fau nal abun dance data were given by Phipps et al. (2010)

Oxic in di ca tors (³350 µm, thick walled epifauna in high
ox y gen [>2 ml/l O2] bot tom wa ter) con sist of: Adelosina
carinata-striata, Adelosina italica, Adelosina pulchella,
Adelosina longirostra, Am mo nia beccarii forma beccarii, Am -
mo nia beccarii forma inflata, Am mo nia parkinsoniana, Am -
mo nia tepida, Am mo nia sp. 1 and 2 (Cimerman and Langer).
Am mo nia spp., Asterigerinata mamilla, Biloculinella de-
pressa, Biloculinella globula, Biloculinella labiata, Bilocu-
linella wiesneri, Buccella granulata, Challengerella bradyi,
Cibicidella variabilis, Cibicides advenum, Cibicides dutem-
plei, Cibicides lobatulus, Cibicides refulgens, Cibicides unge-
rianus forma pseudoungerianus, Cibicides spp., Cornuspira
foliacea, Cornuspira involvens, Cycloforina contorta, Cyclo-
forina rugosa, Cycloforina tenuicollis, Discorbinella berthe-
loti, Elphidium advenum forma maorim (biconvex, thick
walled), Elphidium crispum group (biconvex, thick walled),
Elphidium punctatum (biconvex, thick walled), Gavelinopsis
praegeri, Globocassidulina oblonga, Globocassidulina sub-
globosa, Miliolinella elongata, Miliolinella dilatata, Milio-
linella labiosa, Miliolinella subrotunda, Neoconorbina ter-
quemi, Opthalmidium acutimargo, Pygro anomala, Pygro
elongata, Pygro inornata, Planorbulina mediterranensis,
Pseudoeponides falsobeccarii, Pseudotriloculina laevigata,
Quinqueloculina berthelotiana, Quinqueloculina bidentata,
Quinqueloculina bosciana, Quinqueloculina disparilis, Quin-
queloculina laevigata, Quinqueloculina milletti, Quinquelo-
culina padana, Quinqueloculina pygmaea, Quinqueloculina
seminula, Quinqueloculina stalkeri, Quinqueloculina undu-
lata, Quinqueloculina spp, Sigmoilinita costata, Sigmoilinita
sigmoidea, Sigmoilinita tenuis, Sigmoilinita sp. 1 (Cimerman
and Langer), Sigmoilinita cyumbium, Sigmoilopsis schlum-
bergeri, Sigmoilopsis sp., Spiroloculina communis, Spiro-
loculina depressa, Spiroloculina excavata, Spiroloculina
tenuiseptata, Triloculina gibba, Triloculina plicata,
Triloculina schreiberiana and Triloculina tricarinata.

Suboxic in di ca tors B in clude: Amphicoryna hispida,
Amphicoryna intercellularis, Amphicoryna proxima, Amphi-

coryna scalaris, Asterigerinata adriatica (small, thin walled
and or na mented with pus tules), Bulimina costata, Bulimina
denudata, Bulimina marginata, Bulimina pa goda, Cassidulina
obtusa, Dentalina albatrossi, Dentalina communis, Dentalina
guttifera, Dentalina inflexa, Dentalina inornata, Dentalina
leguminiformis, Dentalina mucronata, Dentalina sp. 1,
Elphidium complanatum, Elphidium complanatum forma
tyrrhenianum, Elphidium granosum forma granosum, Elphi-
dium granosum forma lidoense, Elphidium incertum,
Elphidium magellanicum, Elphidium margaritaceum, Elphi-
dium poeyanum forma decipiens, Elphidium poeyanum forma
poeyanum, Elphidium reginum, Elphidium sp. A (Sgarrella and 
Moncharmont Zei), Elphidium sp. 4 (Cimerman and Langer),
Elphidium sp. 1, Epistominella vitrea, Fissurina castanea,
Fissurina faba, Fissurina lucida, Fissurina neptunii, Fissurina
orbignyana, Fissurina spp., Glandulina laevigata, Guttulina
lactea, Gyroidina umbonata, Haynesina depressula, Hay-
nesina spp., Hyalinea baltica (flat tened, thin wall, very low
trochospiral), Lagena doveyensis, Lagena gracillima, Lagena
laevis, Lagena striata, Lagena semistriata, Lagena substriata,,
Lagena sp. 2 (Cimerman and Langer), Lagena sp., Lenticulina
cultrata, Lenticulina gibba, Lenticulina peregrina, Melonis
barleanum, Neoconorbina sp. (thin wall, small), Neolenticu-
lina peregrina, Oolina acuticostata, Oolina hexagona, Oolina
melo, Parafissurina staphyllearia, Parafissurina sp, Parrellina 
verriculata, Patellina corrugata (thin wall, small test), Pullenia 
quinqueloba, Reussella spinulosa, Robertina translucens,
Rosalina floridensis, Rosalina globularis, Rosalina bradyi,
Rosalina obtusa, Sigmomorphina williamsoni, Siphonina re -
tic u late, Sphaeroidina bulloides, Spirillina vi vipa ra,
Stainforthia complanata, Stainforthia sp. (Ras mus sen),
Stainforthia sp. 1, Trifarina angulosa, Trifarina fornasinii,
Uvigerina mediterranea, Uvigerina peregrina, Vaginulina
lequilensis, Valvulineria complanata, Valvulineria perlucida
and Valvulineria sp.

Suboxic in di ca tors C (thin walled and found in in ter me di -
ate hab i tats be tween those of in ter me di ate in di ces B and
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dysoxic in di ces) are: Bulimina aculeata, Bulimina elongata,
Elphidium excavatum, Nonionella stella, Nonionella turgida
group, and Nonionella spp.

Dysoxic in di ca tors (thin walled, elon gate, flat tened
infauna, in clud ing Astacolus crepidulus, Bolivina aenariensis,

Bolivina pseudopunctata, Bolivina striata, Bolivina variabilis,
Bolivina sp 1, Brizalina alata, Brizalina catanensis, Brizalina
dilatata, Brizalina spathulata, Cassidulina carinata (thin wall,
high po ros ity), Chilostomella mediterranensis, Fursenkoina
acuta, Globobulimina affinis and Globobulimina turgida. 

APPENDIX 2

Ben thic foraminiferal morphogroup data for each sta tion, with BFOI and cor re spond ing cal cu lated ox y gen val ues.
Also given are dis solved ox y gen, tem per a ture and sa lin ity val ues mea sured 1 m above the sea-floor
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Depth
[m]

Sta tion

Oxic 
in di ca tors

Suboxic 
in di ca tors

A

Suboxic
in di ca tors

B 

Suboxic
in di ca tors

C

Dysoxic
in di ca tors To tal

count
BFOI
in dex

Cal cu lated
ox y gen
[ml/l]

Mea sured   
ox y gen
[ml/l]

Tem per a ture
[°C]

Sa lin ity

15   21 259 122   23   11   436 65.625 3.33  3.95676 25.8232 22.8391

18 201 303 399     2     4   909 98.049 4.233 4.67302 19.8253 24.8995

25   78 127 597 123   16   941 82.979 3.763 4.09182 15.1406 37.9022

30   30 141 154   29   24   378 55.556 3.06  2.7196  15.6536 37.8971

35   10   84 173   60   53   380 15.873 1.959 3.49211 16.1062 38.4855

40   53 442 372   76 119 1062 30.814   2.3599 3.76083 16.3836 38.7062

44   27 123 247   77 129   603 17.308 2       3.87113 16.4892 38.8305

50   19 206 157   50 102   534 15.702 1.955 4.09095 16.6828 38.929

55   38 137 186   97 246   704 13.380 1.899 3.66438 16.2749 38.8948

60   10 118 122   52 212   514   4.505 1.633 3.78869 16.2492 38.9712

65     6   85 175   52 394   712 1.5  1.5    2.45641 15.6475 38.8539

70   12   71 150   55 275   563   4.181 1.599 2.31581 15.3651 38.7896

75   31   77 202   92 301   703   9.337 1.806 1.83615 14.9967 38.7141

80   52 208 557 224 534 1575   8.874   1.7599 1.72662 14.8452 38.6777

85   21 141 444   89 699 1394   2.917 1.566 1.75689 14.8782 38.6815

90   15   79 293   62 298   747   4.792   1.6199 1.82184 14.8834 38.6844

105   28 113 475   83 463 1162   5.703   1.6866 1.75246 14.8923 38.6794

110   16   83 193   45 541   878   2.873 1.533 1.70836 14.8248 38.6773

120     3   27 103   22 192   347   1.538 1.503 1.69278 14.8256 38.6677

130     8   50 152   16 384   610   2.041   1.5066 1.76458 14.8832 38.6865

140   18   24 164   18 254   478   6.618   1.7166 1.66361 14.6351 38.6517

150   39   31 116   13 117   316 25       2.199 1.65802 14.6243 38.6505

175   72   68 245   41 149   575 32.579 2.399 1.39261 14.4731 38.6621

200   88   85 317   26 247   763 26.268 2.21  1.28655 14.46    38.6629

225   38   64 343   29 514   988   6.884 1.733  1.23159 14.4456 38.6641

250   23   61 214   20 311   629   6.886 1.733  1.20106 14.4397 38.6654

275   64   30   98     8   55   255 53.782 2.913  1.20914 14.4519 38.6636

300   58   44 122   14   79   317 42.336 2.666  1.09373 14.4194 38.666

325   43   23 100     8   74   248 36.752 2.466  1.41561 14.4091 38.6654

350   75   59 140   14   96   384 43.859 2.7133 1.30699 14.4019 38.6657


