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Abstract

Site U1446 (19°50’N, 85°44’E, at water depth 1 430 m) was drilled during Expedition 353 (Indian monsoon rainfall)
of  the International Ocean Discovery Program (IODP).  It  is  located in the Mahanadi offshore basin,  on the
northern Bay of Bengal. Sedimentation rates and contents of biocarbonates are high at this relatively shallow site.
Using a micropaleontological approach, we examined planktonic and benthic foraminifera in the upper around
40 m of this site, spanning the last around 190 ka. A striking feature of the foraminiferal record is the occurrence of
strong  but  varying  dissolution  although  the  site  is  located  well  above  the  modern  lysocline.  Such  strong
dissolution has never been reported in this area. We estimated the flux of foraminifera and quantified the ratio of
benthic foraminifera over total foraminifera (benthic/total foraminifera) along with the foraminifer fragmentation
index in order to characterize past changes in this above-lysocline dissolution. This study reveals a clear glacial-
interglacial contrast, with a stronger dissolution during marine isotope stages (MISs) 1 and 5 than during MISs 2–4
and 6. Such a difference in preservation is likely to have a strong impact on geochemical proxies measured on
foraminifera. Our new observations call for an in-depth study of the causes of such above-lysocline dissolution in
the region, and an evaluation of its  impact on the foraminifera-based proxies used for paleoenvironmental
reconstruction.
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1  Introduction
Indian summer monsoon affects crop production and the

livelihoods of over a billion people. Its change through time has
been a hot topic not only for climate science but also in Quatern-
ary paleoceanography. The International Ocean Discovery Pro-
gram Expedition 353 took place in 2014–2015 with the aim of im-
proving our understanding on the mechanisms that are respons-
ible for the environmental changes across different time scales
recorded in the core region of the Indian summer monsoon pre-
cipitation (Clemens et al., 2016). One of the sites drilled during
the expedition is Site U1446 (19°50′N, 85°44′E), which is located
at a water depth of 1 430 m in the Mahanadi offshore basin, on
the northern Bay of Bengal. Due to its relatively shallow depth,
the site is characterized with high sedimentation rates and high
biocarbonate contents, thus providing an optimal opportunity
for multiproxy studies and high-resolution paleo-monsoon re-
construction (Phillips et al., 2014; Da Silva et al., 2017).

Many micropaleontological and geochemical proxies are
based on foraminifera shells and the preservation condition of
these foraminifers is of paramount importance for the accuracy
of paleoceanographic reconstructions. In this study, we examine

both planktonic and benthic foraminifer over the last around
190 ka, i.e. since marine isotope stage (MIS) 6, in the sediments of
IODP Site U1446 (Fig. 1). Previous studies using sediments from
nearby cores retrieved at the same water depths around 1 400 m
in the Mahanadi Basin did not stress out the existence of a strong
carbonate dissolution. During Expedition 353, however, our on-
board observations showed clearly, although variable, signs of fo-
raminifera dissolution in the sediments from Site U1446. These
results were rather unexpected since modern lysocline, which
corresponds to the water depth below that carbonate dissolution
at the sea floor really kicks off, had been located much deeper in
the Bay of Bengal, between 2 000 m and 2 800 m (Cullen and
Prell, 1984; Belyaeva and Burmistrova, 1985). The biocarbonate
dissolution above the lysocline at Site U1446 may affect the re-
construction of paleotemperature and paleosalinity of seawater
based on geochemical analyses of foraminifer shells. In order to
address this issue, the first objective of our study was to generate
a foraminifer record over the two last climate cycles and quantify
dissolution intensity changes. For this purpose, we estimated the
flux of foraminifera, and quantified the ratio of benthic fo-
raminifera over total foraminifera (benthic/total foraminifera)  
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along with the foraminifer fragmentation index in order to char-
acterize past changes in above-lysocline dissolution of fo-
raminifera. The results of this preliminary study are shown in the
present paper.

2  Oceanographic settings
The surface circulation of the Bay of Bengal is primarily con-

trolled by the monsoon-related winds and their characteristic
seasonal variation. During the northern hemisphere summer, the
surface current flows clockwise and results in the flow of the
northward East India Coastal Current along the coast. During the
northern hemisphere winter, surface current reverses its direc-
tion, resulting in the East India Coastal Current flowing south-
ward (Fig. 1) (Schott and McCreary, 2001). Upwelling caused by
the summer monsoon winds is observed along the western coast
of the Bay of Bengal but is limited to around 40 km from the
coastline (Shetye et al., 1991). During the summer monsoon
months, 943×109 m3 of water are discharged into the Bay of
Bengal and Andaman Sea through twelve major rivers around the
bay (Varkey et al., 1996). This massive freshwater input results in
the strong stratification of upper seawater in the northern Bay of
Bengal (Gomes et al., 2000; Prasanna Kumar et al., 2002). The
seasonal changes in fresh water input drive large changes in sur-
face salinity through the year, with steep surface salinity gradi-
ents in the bay during the summer (Figs 2a and c). Compared to
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Fig. 1.     Location of Site U1446 and two sites referred to in the
text, NGHP-1-19B (Phillips et al., 2014) and MD161-19 (Da Silva
et al., 2017). The demonstration of surface currents in the Bay of
Bengal are based on Schott and McCreary (2001). EICC repres-
ents the East India Coastal Current.

U1446

September

U1446

September

U1446

February

U1446

February

a b

c

Te
m
pe
ra
tu
re
/℃

Te
m
pe
ra
tu
re
/℃

S
al
in
it
y

S
al
in
it
y

75°

25°

N

20°

15°

10°

5°

0°

80° 85° 90° 95° 100°E

36

34

32

30

28

75°

25°

N

20°

15°

10°

5°

0°

80° 85° 90° 95° 100°E

31

30

29

28

27

26

25

75°

25°

N

20°

15°

10°

5°

0°

80° 85° 90° 95° 100°E

35

30

25

20

d

75°

25°

N

20°

15°

10°

5°

0°

80° 85° 90° 95° 100°E

32

31

30

29

28

27

 

Fig. 2.   Salinity and temperature of surface sea water in the Bay of Bengal in February and September of 1955–2012 (World Ocean
Atlas).        
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salinity, the temperature gradient is smaller, with maximum tem-
perature seasonality less than 3°C across the bay (Figs 2b and d).

3  Materials and methods

3.1  Sampling and processing
IODP Site U1446 was drilled at the toe of a northwest–south-

east oriented ridge, around 75 km off the Indian coast; the local
topography protects it from the deposition of turbidites (Clem-
ens et al., 2016). Three holes were drilled, reaching 27.1 m, 180.0 m
and 182.0 m drilling depth below seafloor, respectively. These
holes allowed us to construct a complete sedimentary section ob-
tained by splicing together intervals from Holes U1446A and
U1446C. In this study, we studied its upper around 40 m CCSF-A
(core composite depth below seafloor; unless otherwise noted, all
depths are given in CCSF-A), where sediments are dominated by
dark gray to light gray clays with varying proportions of nanno-
fossils, foraminifers, and biosilica. The 1 cm thick samples were
taken at around 2.3 m spacing interval. In total, 18 samples with
volumes of around 5 cm3 or around 10 cm3 were collected and
analyzed.

After wet weighing the samples (with a precision of ±0.01 g),
they were vacuum freeze dried at –20°C for 24 h, then the dried
weights were measured. Dried samples were soaked and washed
through a 63 μm sieve with ultrapure water. The residues were
dried at less than 40°C. All samples were washed by the same
person so that operator-induced fragmentation of fragile fo-
raminifer shells was kept as even as possible to minimize any po-
tential bias on the foraminifer fragmentation index.

3.2  Foraminiferal census data
For planktonic foraminifer identification, the larger than 63 μm

residual sediment was dry-sieved through a 150 μm mesh sieve
and subdivided into subsequent equal aliquots with a micro-
splitter, until a population of around 300 planktonic foraminifera
was obtained. Samples with less than 300 individuals in total
were not split. All planktonic specimens were identified and
counted under a binocular microscope. At the same time,
benthic foraminifera and planktonic foraminiferal fragments
were also counted to provide a relative benthic/planktonic ratio
and a foraminifer fragmentation index. Taxonomic identification
of planktonic foraminifera was mainly based on Kennett and
Srinivasan (1983).

Theoretically, fluxes should be compensated for changes in
foraminifer relative abundances that result from dilution by terri-
genous material and give us a better representation of fo-
raminifera production rates. Fluxes of planktonic and benthic fo-
raminifera were estimated using the following formula:

Flux = DBD× N× v, (1)

where DBD (g/cm3) is the dry bulk density of the samples; N
(ind./g) is the individual number of foraminifera (planktonic or
benthic or total); v (cm/ka) is sedimentation rate which was es-
timated using age model. The DBD was calculated and interpol-
ated using the method introduced in Phillips et al. (2014). A lin-
ear relationship was established between DBD and wet bulk
density (WBD) at Site U1446:

DBD = WBD× . − . 
(
R = . 

)
. (2)

WBD was measured by moisture and density analyses ob-

tained through the gamma ray attenuation (all moisture and
density analyses, and gamma ray attenuation density data of Site
U1446 are available on http://iodp.tamu.edu/database/).

3.3  Dissolution indicators
Two independent and well-known dissolution proxies were

used to study dissolution variations at Site U1446: the fo-
raminifer fragmentation index (FI) and the ratio of benthic/total
foraminifera.

3.3.1  Fragmentation index
For each sample, the number of fragmented planktonic fo-

raminifera tests was counted to calculate FI using the following
formula (Le and Shackleton, 1992):

FI = (C/) / (C/+ T)× %, (3)

where C is fragment counts; and T is whole planktonic fo-
raminiferal counts. The fragments were defined as pieces of fo-
raminiferal tests that we could not recognize or specimens with
more than half of the individual missing through dissolution
and/or fragmentation.

3.3.2  Ratio of benthic/total foraminifera
The ratio of benthic/total foraminifera (R) was calculated us-

ing the following formula (Corliss, 1979; Zhang et al., 2007):

R = B/(P+ B), (4)

where B represents the counts of benthic foraminifera, and P rep-
resents the counts of planktonic foraminifera.

4  Results and discussion

4.1  Chronology and marine isotope stage boundaries
The chronological framework of the 40 m sequence in this

study was established using two major stratigraphic tie-points:
the Young Toba Tuff ash layer, which corresponds to the most re-
cent eruption of the Toba volcano (Chesner et al., 1991), and the
last occurrence of Globigerinoides ruber (pink) (Thompson et al.,
1979). These stratigraphic markers occur at the boundaries of
MIS 4/5 (71 ka) and MIS 5/6 (130 ka), respectively. The ash layer
associated to the last eruption of the Toba volcano was identified
at a depth of 15.77 m downcore (onboard data; Clemens et al.,
2016), while the top of Globigerinoides ruber (pink) was located at
the depth of 31.67 m, which is consistent with the MIS 4/5 and
MIS 5/6 boundaries that identified by Steve Clemens (personal
communication) based on stable oxygen isotopic stratigraphy.
The MIS 1/2 (around 6.33 m, 14 ka) and MIS 6/7 (around 39.11 m, 191 ka)
boundaries were provided by Steve Clemens (personal commu-
nication) based on stable oxygen isotopic stratigraphy. Using the
above tie-points, the age model indicates average sedimentation
rates of 45.2 cm/ka, 16.6 cm/ka, 26.9 cm/ka, and 12.2 cm/ka for
MIS 1, MISs 2–4, MIS 5, and MIS 6, respectively.

4.2  Characteristics of foraminiferal assemblages
Both benthic and planktonic foraminifera were observed in

all our samples. Under the microscope, foraminifera showed
little evidence of mineralization and infilling.

For all the 18 samples, total foraminifera abundance varies
from 29 ind./g to 1 986 ind./g. The abundance of planktonic fo-
raminifera fluctuates from 15 ind./g to 1 880 ind./g and the abund-

  Wang Duo et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 1, P. 155–161 157

http://iodp.tamu.edu/database/
http://iodp.tamu.edu/database/
http://iodp.tamu.edu/database/
http://iodp.tamu.edu/database/


ance of benthic foraminifera ranges from 14 ind./g to 242 ind./g.
Total foraminiferal fluxes fluctuate from 681 ind./(ka·cm2) to
28 519 ind./(ka·cm2). The planktonic and benthic foraminiferal
fluxes vary from 359 ind./(ka·cm2) to 26 992 ind./(ka·cm2) and
from 323 ind./(ka·cm2) to 3 278 ind./(ka·cm2), respectively. Total
foraminiferal fluxes are higher during the glacial periods (MISs
2–4 and MIS 6) than during the interglacial periods (MIS 1 and
MIS 5) (Fig. 3).

The planktonic foraminifera account for 26%–96% of the total
foraminifera, with an average value of (70±19)%. The planktonic
foraminiferal at Site U1446 are typically tropical–subtropical as-
semblages (Ding et al., 2006). In total, 29 species of planktonic fo-
raminifer were identified. The dominant species with average
abundance larger than 5% include Globigerinita glutinata, Globi-
gerinoides ruber, Globigerina bulloides, Neogloboquadrina duter-
trei, Globigerinoides sacculifer, and Globorotalia menardii. The
secondary level include nine species with abundance of 1%–5%:
Pulleniatina obliquiloculata, Globigerinoides tenellus, Globiger-
inella calida, Globorotaloides hexagonus, Neogloboquadrina pa-
chyderma (dex.), Globigerinella aequilateralis, Orbulina universa,
Globigerina falconensis, and Globigerina rubescens. The re-
mainder of the assemblages is composed of low abundant spe-
cies with abundance less than 1% such as Beella digitata, Globi-
gerinella adamsi, Globigerinoides conglobatus, Globoquadrina
conglomerata, Globorotalia crassula, Globorotalia crassaformis,
Globorotalia inflata, Globorotalia scitula, Globorotalia theyeri,
Globorotalia tumida, Neogloboquadrina pachyderma (sin.), and
Turborotalita quinqueloba.

4.3  Contrasted glacial-interglacial dissolution of foraminifera
Site U1446 was drilled at water depth of 1 430 m. It lies well

above the modern lysocline, which was found between 2 000 and
2 800 m in the northern Bay of Bengal according to Cullen and
Prell (1984) and Belyaeva and Burmistrova (1985). CaCO3 mass
accumulation rates (MAR) was estimated at two sites adjacent to
U1446, NGHP-1-19B at 18º58′N, 85º39′E, 1 422 m of water depth
(Phillips et al., 2014) and MD161-19 at 18º59′N, 85º41′E, 1 480 m
of water depth (Da Silva et al., 2017). The results show similar
trends with our reconstructed foraminiferal fluxes at Site U1446
(Fig. 3), with relatively higher values during glacial periods than
during interglacial periods.

Phillips et al. (2014) suggested that the drastic increase of the
CaCO3 MAR at Site NGHP-1-19B between 70 ka and 10 ka resul-
ted from a higher productivity. Due to a weakened southwestern
monsoon during the last glacial period, decreased freshwater in-
put likely diminished stratification, allowing for increased mix-
ing and nutrient availability, thus enhancing productivity (Phil-
lips et al., 2014). Da Silva et al. (2017) also concluded that CaCO3

dissolution induced by anaerobic biogeochemical processes was
unlikely and attributed the temporal variation of the CaCO3 MAR
of MD161-19 to productivity rather than dissolution.

At Site U1446, however, the foraminiferal dissolution is strik-
ing. The microscope photos of two samples taken from intergla-
cial intervals, U1446C-1H-1A 88–89 cm (0.89 m, in MIS 1) and
U1446A-3H-3A 145–146 cm (19.01 m, in MIS 5), clearly show the
poor state of foraminifera preservation (Figs 4a and c). Holes on
chamber walls of many foraminifers and remaining keels of fully
dissolved Globorotalia menardii specimens are clear evidence of
a strong dissolution, which is readily reflected in the high values
of the FI (22.7% and 29.5%). In addition, radiolarians and pyrite
fragments are frequently observed in these samples. By contrast,
the microscope photos of two samples from glacial intervals,
U1446C-2H-5A 35–36 cm (14.51 m, in MISs 2–4) and U1446C-4H-

3A 104–105 cm (32.06 m, in MIS 6), show much better fo-
raminifera preservation (Figs 4b and d). The preservation of
many more whole foraminifer specimens results in low FI values
of 4.5% and 3.8%. Fragments and remains of gastropoda and bi-
valvia are also observed in these two samples (Figs 4b and d).

Overall, the FI record of Site U1446 ranges from 3.1% to 29.5%,
with an average value of (12.8±7.4)%. The higher values (from
9.1% to 29.6%, average of around 17.1%) occur in MIS 1 and MIS 5,
i.e., during the interglacial periods. This differs from the aver-
aged values of around 5.5% and around 6.5% for MISs 2–4 and
MIS 6 (Fig. 3). The benthic/total foraminifera ratio is higher dur-
ing interglacial periods (from 0.29 to 0.73, average of 0.44) than
glacial periods (from 0.04 to 0.2, average of 0.1) (Fig. 3). The benthic/
total foraminifera ratio has been frequently interpreted as reflect-
ing productivity factors such as food supply export to the seafloor
(Berger and Diester-Haass, 1988), with a high ratio indicating
high planktonic productivity. However, in samples from Site
U1446, a clear inverse correlation between the benthic/total fo-
raminifera ratios and total foraminiferal fluxes is observed (Fig. 3),
suggesting that the benthic/total foraminifera ratio is likely re-
lated with carbonate dissolution and preservation at the seafloor
rather than surface productivity and food supply to the deep sea.
Total planktonic and benthic foraminiferal fluxes are much high-
er during glacial periods, varying from 6 264 ind./(ka·cm2) to
28 519 ind./(ka·cm2) with an average of around 16 076 ind./(ka·cm2),
than those in interglacial periods, ranging from 681 ind./(ka·cm2)
to 4 091 ind./(ka·cm2) with an average of around 2 526 ind./(ka·cm2)
(Fig. 3).

The results of this study, therefore, show that dissolution is
stronger during the interglacial periods (MIS 1 and MIS 5) than
the glacial periods (MISs 2–4 and MIS 6), and the anti-correla-
tion between dissolution indexes and foraminiferal fluxes sug-
gests that dissolution has a significant impact on the fo-
raminifera record at Site U1446 (Fig. 3).

Several mechanisms may be invoked to explain the dissolu-
tion above the lysocline. The most likely one is related to the de-
composition of organic carbon inducing an increase of dissolved
CO2 (decrease in pH) in the sediment interstitial water (Emerson
and Bender, 1981; Peterson and Prell, 1985). Other mechanisms,
more or less ultimately related to the release of CO2 during the
oxidation of organic matter, have been invoked to explain above-
lysocline dissolution: bacteria-induced dissolution (Freiwald,
1995), twilight zone dissolution (Schiebel et al., 2007) and CO2

maximum zone dissolution (Paulmier et al., 2011).
Being in the Indian summer monsoon core region, Site U1446

is heavily influenced by monsoon changes (Clemens et al., 2016).
Previous studies suggested that the Indian summer monsoon
had been stronger during interglacial periods than during glacial
periods (Duplessy, 1982; Caley et al., 2011; Phillips et al., 2014).
The enhanced Indian summer monsoon precipitation could af-
fect the inputs of nutrients from increased river discharge and
result in higher surface productivity (Sarma et al., 2013). In turn,
such a higher productivity may have caused more organic car-
bon to reach the seafloor. The decomposition of labile organic
carbon, by consuming O2 and releasing CO2, may have driven a
stronger dissolution of foraminifera in the sediments and anoxia
of the bottom water environment. The stratification induced by
enhanced monsoon precipitation might also have blocked the
vertical exchange of O2 and CO2 (O’boyle and Nolan, 2010; Sarma
et al., 2013), enhancing the increase in bottom water CO2 associ-
ated to the decay of organic matter in the upper sediments. The
observation of abundant pyrite fragments in interglacial samples
is also a clear argument that suggests the occurrence of more an-
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Fig. 3.   The benthic/total foraminifera ratio (A) and fragmentation index (B) from U1446 vary along marine isotope stages; benthic
foraminiferal flux (C), planktonic foraminiferal flux (D), total foraminiferal flux and sedimentation rate (E) from U1446 vary along
marine isotope stages. CaCO3 flux from NGHP-1-19B varies along ages (Phillips et al., 2014) (F); CaCO3 flux (G), total organic carbon
(TOC) flux and sedimentation rate (H) from MD161-19 vary along ages (Da Silva et al., 2017). Horizontal lines in A, B, C, D and E
indicate the average values of the benthic/total foraminifera ratio, FI, and fluxes for each marine isotope stage. Stars mark the four
samples with photos taken and shown in Fig. 4. Graphic lithology of U1446 referred to Clemens et al. (2016).
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oxic bottom water environment during interglacial periods.
When the monsoon became weaker, the lower supply of organic
material and freshwater resulted in the better preservation of fo-
raminiferal tests during glacial periods, which is observed in this
study.

Because dissolution of carbonate material was stronger dur-
ing interglacial periods than glacial periods, the higher sediment-
ary rates in MIS 1 and MIS 5 compared to MISs 2–4 and MIS 6 of
Site U1446 are explained as reflecting the increase in terrestrial
material input associated to the periods of strong summer mon-
soon. The TOC fluxes from adjacent Site MD161-19 (Fig. 3; Da
Silva et al., 2017) do show higher values during interglacials than
glacials. However, TOC fluxes estimated for Core MD161-19
combine the contribution of marine-produced organic carbon,
with that from terrestrial organic carbon (Da Silva et al., 2017),
which is more refractory (Canfield, 1994; Balakrishna and Probst,
2005). In addition, Site U1446 being located in a strongly incised
continental slope (Clemens et al., 2016) and being characterized
by strongly variable sedimentation rates, its carbon-carbonate
preservation history may not be faithfully deduced from observa-
tions made on the nearby Site MD161-19. Thus, additional ana-
lyses, such as TOC, is called for performing on U1446 samples
directly.

The planktonic and benthic foraminiferal fluxes, and the rel-
ative abundance of high-productivity foraminifer species are
usually considered as being robust paleo-productivity indexes
(Herguera and Berger, 1991; Ding et al., 2006). Nevertheless, in
some occasions, dissolution can strongly bias these proxies, as
clearly shown in our observations of Site U1446 samples. Fur-
thermore, the developments of benthic foraminifera populations
and the type of species on the seafloor are also affected by the de-
crease in O2 content associated to the development of anoxic
conditions (Naidu and Malmgren, 1995; Chen et al., 2011).
Therefore, to better understand the mechanisms that drive
above-lysocline dissolution at Site U1446, some additional work
is mandatory: (1) precisely reconstruct the evolution of organic
matter content and its oxygen, hydrogen and nitrogen composi-

tions (i.e., to decipher the relative contribution of labile versus re-
fractory organic matter, and marine versus continental organic
matter); and (2) reconstruct paleoproductivity based on proxies
that are not susceptible to strong dissolution bias (e.g., siliceous
productivity indicators).

The strong difference of glacial period and interglacial period
in foraminiferal dissolution and preservation that we have ob-
served in Site U1446 can severely bias foraminifer-based micro-
paleontological and geochemical analyses, and noticeably im-
pact paleoceanographic and paleoclimatic reconstructions in
this region. In order to assess this potential impact and try to cor-
rect for those effects of preservation and dissolution, further
studies will be necessary to tackle the impact of dissolution on
key geochemical proxies (e.g., the ratio of Mg/Ca based thermo-
meter).

5  Conclusions
From the analysis of the foraminiferal record of IODP Site

U1446, at the northwestern Bay of Bengal, the following conclu-
sions can be drawn:

(1) Planktonic foraminifera of Site U1446 consist of typical
tropical-subtropical assemblages, and account for 26% to 96% of
the total foraminifera. Total foraminiferal fluxes are higher dur-
ing glacial periods than interglacial periods.

(2) Significant and variable foraminiferal dissolution is ob-
served along Site U1446. The dissolution indexes (FI and the ra-
tio of benthic/total foraminifera) suggest that dissolution is
stronger during interglacial MIS 1 and MIS 5 than glacial MISs 2–4
and MIS 6.

(3) A systematic investigation of the dissolution above the
lysocline and its effect on the foraminifera-based proxies should
be carried, and correction procedure should be tested for these
proxies to be confidently used for paleoenvironmental recon-
struction in sites from intermediate water depths in the Bay of
Bengal.
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