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Abstract. Stable isotope ratios of oxygen (5 !20) and carbon (6 13C) in tests of Globorotalia
menardiifrom samples at 25 cm intervals of top 900 cm cores, representing different thicknesses
of the Pleistocene, from DSDP Sites 219, 220 and 241 in the northern Indian Ocean have been
measured. Based on the §'%0 stratigraphy, glacial and interglacial phases during the
Pleistocene have been recognized, which are in good agreement with the standard Quaternary
planktonic foraminiferal/climatic zones i.e., Ericson zones at these sites, based on G. menardii
abundances. The GIA (glacial interglacial amplitude) at Sites 241, 219 and 220 are of the order
of 1-2, 1-4 and 1-9%, respectively. The last glacial and interglacial maxtma (18 ka BP and 125ka
BP respectively) could be identified in DSDP Cores 241, and 219 with some precision.
‘Isotopic ages’ could be assigned to the different levels of these core sections based on the
correlation of & '80 record from these sites with the SPECMAP record (Imbrie et al 1984).
Changes in sediment accumulation rates at different levels of the Pleistocene have been worked
out on the basis of changes in oxygen isotopic ratio.

Oscillations in § 13Cstratigraphy at Site 241 indicated southwest monsoon induced increase
in upwelling and productivity during warmer periods. At Sites 219 and 220, variations in the
8 13C record were due to the mixing of bottom water.

Keywords. Quaternary; stratigraphy; Ericson zones; glacial-interglacial amplitude (GIA);
last glacial maxima (LGM); upwelling; stable isotope.

1. Introduction

Changes in temperature during the Pleistocene led to the occurrence of a number of major
and minor glacial and interglacial phases on the earth, These paleoclimatic events left their
signatures on oceanic biotal assemblages. Planktonic foraminifera secrete calcareous tests,
the carbon and oxygen of which are in isotopic equilibrium with the surrounding water, i.e.,
they incorporate both isotopes of oxygen and carbon into the carbonate of their tests in the
definite proportions relative to those present in the sea water and ocean bicarbonate. The
relative abundance of oxygen isotopes, dependent mainly on water temperature at the time
of formation of the test, remains unchanged through geologic time till the present day
(Bowen 1966; Boersma 1978; Erez and Luz 1983). Similarly the stable carbon isotope ratio
incorporated in the foraminiferal carbonate mainly depends on productivity and upwelling
and to some extent on the input of organic carbon (Kennett 1986).

Stable isotopes of foraminiferal shells have been successfully used to record the late
Neogene climatic fluctuations in northern Indian Ocean by a number of researchers
(Prell 1978; Prell et al 1980; Prell and Curry 1981; Prell and Van Campo 1986; Prell and
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Kutzbach 1987; Prell and Niitsuma 1988; Gupta and Srinivasan 1990; Sarkar et al
1990; Srinivasan and Chaturvedi 1990; Srinivasan and Singh 1991; Singh and
Srinivasan 1993 and Ahmad and Labeyrie 1994).

With an aim to establish stable isotope stratigraphy (both oxygen and carbon
isotopes), the top 900cm core from DSDP Sites 219, 220 and 241 were selected
(figure 1). Based on the different sedimentation rates (Simpson et al 1974; Whitmarsh
et al 1974), the core sections studied at different sites represent variable time span.
Analyses of 680 and & !3C were carried out on Globorotalia menardii tests from
samples at 25cm intervals of the above cores. The presence of voids and some
deformation during coring at some levels in these cores prevents working with samples
at a closer interval. The unevenness of sample spacing at some levels has been adjusted
by using the cubic spline interpolation method. Though G. menardii is a deep-dwelling
planktonic foraminifer species (Emiliani 1954, 1966), tests of the same were chosen for
the isotopic analysis, since (a) they belong to the most common species in the present
assemblages at all sites; (b) they are the most significant climatic indicators in equatorial
and mid-latitude waters (Ericson et al 1964) and (c) they are least affected by dissolution
(Berger 1968). Furthermore, based on fluctuations in the abundance of G. menardii,
standard Quaternary planktonic foraminiferal/climatic zones (Ericson et al 1961;
Ericson and Wollin 1968), have been delineated at DSDP Sites 219, 220 and 241 in
northern Indian Ocean (Guha and Sarkar 1990; Sarkar 1991). These zones (R to
Z vpwards) at different sites have been compared with stable isotope stratigraphy.

2. Description of sites

The location of sites studied is shown in figure 1. Additional relevant information
is presented in table 1. Lithology of all the three sites is chiefly detrital clay rich

Figurel. Map of northern Indian Ocean showing locations of DSDP Sites 219, 220 and 241.
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Table 1. Information on DSDP Sites 219, 220 and 241 (Source:
Initial reports of the DSDP Vols. 23 and 25).

Site 219 Site 220 Site 241

Latitude 9°1-75'N 6°30:97N  2°22:24'S

Longitude 72°52:67E  70°59-02E  44°40-77E

Water depth 1764 m 4036 m 4054 m

CaCO,(Avg) 65% 58% 70%

Sedimentation rate 14m/Ma 7m/Ma 40m/Ma
(Avg)

Salinity (Pore water) ~ 36%, ~352%, 349-35-2%,

nano-ooze. Foraminifera constitute a substantial part of the studied cores and are well
preserved. The pore-water salinity at individual core sections varies within narrow
limits, mostly around 1%, (Whitmarsh et al 1974; Simpson et al 1974).

3. Experimental methods

Each sediment sample (about 1 gm) was boiled gently in calgon solution and washed
with distilled water and passed through 0-4 and 0-25 mm sieves. The residue retained by
the 0-25 mm sieve was further cleaned in an ultrasonic cleaner. The material was then
dried in an oven at about 100°C. Depending upon the size 10 to 15 tests of G. menardii,
weighing about 1 mg, were taken in a small reaction tube. The tests were slightly
crushed and washed with distilled water in an ultrasonic cleaner to remove any foreign
material present within the test. The crushed tests were then dried and pulverized in an
agate mortar.

The reaction tube with pulverized material in it was placed in the reaction chamber
of the on-line CO, extraction system for isotopic analysis. The sample was treated with
100% phosphoric acid at 50°C. The carbon dioxide thus produced was analysed in
a VG Micromass 602D Mass Spectrometer for carbon and oxygen isotopes with
a precision of + 0-07%, based on a working standard (Chakraborty 1993).

4. Results

The results of the depth-wise stable isotope analysis are given in table 2 and plotted in
figures 2 to 4. The trends of individual plots are discussed separately. Since Site 241
recorded the highest sedimentation rate (cf. table 1), it is described first followed by Site
219 and Site 220.

4.1 Core 241

4.1.1 Oxygenisotopes: There are different cycles in the distribution of § *#O (figure 2)
with an average value of 0-48%,, the maximum and minimum being 1:00 and —0-3%,,
respectively. The curve at a depth of 850 cm starts with a relatively lower & 'O value
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Table 2. Stable isotope data on G. menardii tests and its abundance (count/gram) at DSDP

Sites.
Site 241 Site 219 Site 220

Depth
cm §13C 51%0 C/gm 6'3C %0 C/gm 8'3C 6'%0 C/gm

25 1-37 086 85 1-37 — 067 641 — — —

50 1-36 0-65 85 1-37 —0-09 170 2-11 070 28

75 1-25 076 100 1-86 0-62 274 1-85 095 n
100 142 041 89 1-67 0-36 367 1-58 0-69 49
125 1-47 096 114 1-73 —0-05 425 1-60 —016 109
150 1-49 073 67 1:33 0-52 86 — — 12
175 1-34 072 56 1-25 —0-55 382 1-64 — 007 46
200 1-29 018 93 1-19 017 349 1-69 006 9
225 1-02 047 104 1-40 —0-28 175 1-80 0-54 20
250 1-06 021 153 1-11 — 058 650 1-29 016 77
275 129 —-021 79 1113 —0-62 548 1-47 -025 11
300 1-25 0-24 64 1-18 0-19 336 1-13 -073 48
325 1-43 0-77 49 1-13 0-25 326 1-35 0-58 100
350 1-29 029 134 1-16 038 473 1-46 052 81
375 1-30 0-49 19 1-04 022 607 1-14 075 283
400 1-28 0-76 123 1-22 0-36 408 1-32 077 115
425 2-17 —-031 163 1-22 —028 90 1-23 0-96 216
450 1-30 018 97 1-33 — 047 206 1-42 —-017 78
475 134 061 82 1-38 —037 163 1-52 072 7
500 1-46 0-51 76 1-25 037 193 1-59 -0T71 137
525 1-23 0-67 91 162 045 330 1-27 111 54
550 1:51 001 107 0-99 018 662 1-29 0-47 33
575 1-43 0-46 119 1-53 0-46 138 121 011 286
600 1-32 0-81 112 1-36 002 352 1-03 0-00 1
625 1-45 0-85 74 1-02 — 045 569 1-08 0-65 50
650 1-49 0-60 117 091 —0-60 571 1-40 002 9
675 1-39 031 79 1-14 —037 498 1-16 0-36 38
700 1-25 0-80 90 1-60 018 399 — — 0
725 1-05 070 99 1-51 0-51 173 1-51 013 2
750 1-31 0-20 81 1-13 0-49 288 1-59 0-37 0
775 1-38 076 67 1-35 013 525 1-20 0-64 109
800 1-35 1-01 78 1-08 —-077 673 1-27 —-023 77
825 1-13 019 79 1-10 —030 707 088 0-67 78
850 1-08 001 48 1-14 0-32 183 107 0-38 48
875 1-40 0-28 57 1-15 04 187 1-14 1-18 17

and shows a higher value at 800 cm level. From this depth to about 425 cm, the curve
shows a slight trend towards lower values. It is succeeded by an enrichment in 6 80 up
to a depth of 300 cm. At 275 cm level depletion in 6 *20 occurs followed by a steady
enrichment till 25 cm.

4.1.2 Carbon isotopes : The carbon isotope ratios also show cyclic variations with
alow amplitude ranging usually from 1-51 to 1-029,, with a striking maxima of 2-17%_ at
425cm depth (figure 2). From the 875 cm level upwards a relative depletion in 8 '3C
values is observed up to a depth of 700 cm, above which a slight enrichment occurs with
a somewhat constant trend (with an average value of 1-39%, in this interval) up to
450 cm. At 425 cm a sharp maximum of 6 *C (2:17%,) occurs succeeded by a depletion
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Figure 2. The 6 %0 (%,) PDB and J!3C (%,) PDB depth profiles of G. menardii and its
abundance distribution at DSDP Site 241 (V — Sangamon interglacial; W — Early Wisconsin
glacial; X — Middle Wisconsin interstadial; Y — Main Wisconsin glacial and Z — Post glacial
periods).

at 400 cm (1-28%,). The decrease in § 13C values continues further till a depth of 225 ¢cm,
where it attains a value of 1-02%,. Above this depth a general gradual enrichment in
heavier isotope is observed.

4.2 Core 219

4.2.1 Oxygen isotopes: At 25cm depth (the Z zone, post glacial) § 10 has a negative
value. At this site 4 130 values range between — 0-77 and 0-62%, and the curve (figure 3)
exhibits uniform cyclicity with somewhat equal amplitude between maxima and
minima values from its mean position (6 120 = 0-005%,). Significant enrichment of
8 180 occurs at depths of 875, 750-725, 575-500 and 400-300 cm. Upwards from the
250 cm level up to 75 cm there is a general increase in the heavier isotope with two sharp
‘low’ peaks at 175 cm and 125 cm (less intensity) corresponding to W (Early Wisconsin)
and late X (Middle Wisconsin} zones respectively. At depths of 800, 650, 450, 275-250,
175 and 25 cm (corresponding to Z, post glacial) depletion in 4 120 is observed. The
dissimilarity between the & 180 enrichment and depletion peaks is that the former is
much wider than the latter.

4.2.2 Carbon isotaopes : The & **C stratigraphy (figure 3) shows more pronounced cycles
of enrichment and depletion than those evinced at Site 241 which records a smaller part
of the Pleistocene than the present one. The 6 1C values range between 0-99 and 1-86%,
(mean 1-31%,). A quite significant depletion between 875 cm and 750 cm (mean 1-29,,) is
followed by an alternation of three conspicuous enrichment (725-700, 575 and 525 cm)
and two depletion (650 and 550 cm) peaks. From 500 cm up to a depth of 150 cm a wide
‘valley’ of depletion exists. From 175 to 75 cm there is a steady enrichment in the heavier
isotope of carbon.
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Figure 3. The 830 (%,) PDB and 6 '3C (%) PDB depth profiles of G. menardii and its
abundance distribution at DSDP Site 219 (T ~ Yarmouth interglacial; U - Illinoian glacial;
V — Sangamon interglacial; W — Early Wisconsin glacial; X - Middle Wisconsin interstadial;
Y - Main Wisconsin glacial and Z — Post glacial periods).
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Figure 4. The §!%0 (%) PDB and 6'3C (%, PDB depth profiles of G. menardii and
its abundance distribution at DSDP Site 220 (R - Aftonian interglacial; S— Kansan
glacial; T - Yarmouth interglacial; U -Illinoian glacial; V - Sangamon interglacial;
W - Early Wisconsin glacial; X — Middle Wisconsin interstadial and Y — Main Wisconsin
glacial periods).
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4.3 Core 220

4.3.1 Oxygen isotopes : Due to the absence/paucity of G. menardii at 700 and 150 cm
levels analyses could not be carried out for samples from these levels. Table 1 shows the
presence of 12 G. menardii tests at 150 cm level and the absence of the same at 750 cm
level in the samples for taxonomic/statistical analysis (Sarkar 1991; Sarkar and Guha
1993). While the additional sample, disintegrated for isotopic analysis did not provide
adequate G. menardii tests at 150 cm level, the required number of tests for the analysis
could be isolated from samples at 750 cm. Though no planktonic foraminifera were
present in the 1 gm sample at 600 cm depth used for statistical analysis, a larger sample
at the same level yielded about 0-1 mg (1 test) of G. menardii, sufficient for isotopic
analysis by the cold finger method. A cyclicity with sharp positive and negative peaks is
a characteristic feature of 3 180 curve at this site (figure 4). The 6 8O values range from
—0-71 to 1-18%, (mean 0-4%, ). Maximum enrichment of heavier isotope takes place at
875 cm depth followed by a decrease up to the 800 cm level. From 775 to 550 cm levels
a slight enrichment (mean 0-329, ) is observed before it reaches one of its maxima at,
525 cm. Between 500 and 450 cm, two closely depletion (negative) peaks occur followed
by an enrichment from 425 to 300 cm. Above these levels up to 100 cm, the curve shows
lighter values followed by a narrow zone of enrichment in é '20.

4.3.2 Carbon isotopes : The average 6 !3C value at Site 220 is found to be 1-38%,, the
maxima and minima being 2-1 and 0-889%, respectively (figure 4). From the 875 cm level
the curve starts with a decreasing trend of 4 13C up to 825cm, from where a gradual
enrichment in heavier carbon isotope occurs till a depth of 725cm. Lower carbon
isotope value is observed around a depth of 725cm. Further upwards a slight
enrichment in heavier isotopes takes place and a monotonous trend is observed
between 600 and 225cm levels with an average value of 1:34%,. A somewhat steady
enrichment in J 13C value is observed at levels above 225cm.

5. Discussion

Based on oxygen isotope stratigraphy the last glacial maximum (LGM) at Site 241
(figure 2) has been located at 125 cm, where the 6 120 shows a strong positive peak
(0-969,,). Considering the LGM age to be 18 ka (Prell ez al 1980) the average sedimenta-
tion rate at this site during the post-glacial stage appears to be 6:9cm/ka. Oxygen
isotope stage 5 (last interglacial, 125 ka) at this site has been located at 425 cm with the
highest negative J 80 value (—0-31%,) indicating that sediment accumulation rate
during the glaciation was around 2-8 cm/ka. Though intense upwelling is associated
with increased polar cooling and formation of more AABW (Keller and Barron 1987;
Gupta and Srinivasan 1990), upwelling in the western Arabian Sea has been found to be
linked with the summer southwest monsoon (Dietrich 1973; Prell and Streeter 1982;
Prell and Van Campo 1986; Prell and Niitsuma 1988). Since the southwest monsoon
was strong during the interglacial periods and weak during the glacial periods (Prell
1978; Prell et al 1980; Prell and Curry 1981; Prell and Kutzbach 1987) the upwelling
intensity would also be strong during interglacial periods. As upwelling enhances
productivity in general, one would expect a higher sedimentation rate during deglaci-
ation. This is observed in the sedimentation rates calculated above. These observations
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are also in agreement with the abundance variations of G. menardii whose maximum
occurs during the last interglacials (425 ¢cm, 125 ka). The abundance is also significantly
low during LGM (125 cm, 18 ka): the transition from V to Z zones. Below the 425 cm
level, the upper limit of V zone, this site exhibits 4 cycles of oscillations in § 8O values.
However, in this part of the core there is a discernible trend towards a cooler climate
850cm level excepted. This corresponds well with the frequency oscillation of
G. menardii within this zone (V) at this site.

The GIA for the northern Indian Ocean at stations SK-20-185 (10°N, 71°50'E,
2523 m) and SK-20-186 (0°2'S, 68°30'E, 3564 m) with a sampling interval of 2 to Scm
is of the order of 2-12 to 2-28%, (Sarkar 1989). But at Site 241, the amplitude is about
1 to 1-3%,. For this reduction in GIA one may consider the following. In general
the GIA has two components: temperature and ice volume. These two, during an
interglacial-glacial transition, act in the same direction to change the foraminiferal
4 '80. But in the case of an upwelling-prone zone like the Somali coast (near Site 241)
the GIA may be reduced due to interglacial strong summer monsoon, intense upwelling
and the resultant decrease in surface temperature by 2—3°C. On the contrary during
glacial periods upwelling is almost absent due to the weakening of the southwest
monsoon and a consequent decrease in surface cooling. This acts in the opposite
direction to the other two factors considered above. A second possibility for the
reduction in GIA could be the fact that the coarser sampling interval of 25 cm might
have missed some peaks in the & !80 oscillation. Furthermore G. menardii being
a deep-dwelling species probably recorded a § 80 pulse of much less magnitude
(Sarkar et al 1990).

In northwestern Indian Ocean, Prell and Niitsuma (1988) noted an upwelling-
induced higher biotic productivity. During the last interglacial (125 ka) the southwest
monsoon was very strong which led to an intense upwelling and increased productivity.
A clear peak has been observed in the 6 !3C corresponding to this period (425cm).
During the last glaciation the southwest monsoon was weak, therefore the productivity
was also weaker leading to lower 6 '3C values in general.

Though in the above paragraph, variation in the § !3C has been interpreted in
terms of monsoon-induced changes in upwelling and resultant productivity, another
factor may be considered. In the ocean the mixed layer (euphotic zone) is enriched
in 6 *3C due to preferential removal of '>C by organisms. In the deeper ocean (up to
about 1000m depth) the organic matter gets oxidized and CO, depleted in '3C is
released into the ocean. As a result when upwelling takes place the '?C enriched
water is brought up and gets mixed with the surface water decreasing its 6 *>C values.
This mixing acts in the opposite direction to that of productivity as far as the § 1*C
of foraminiferal calcite is concerned. Thus the resultant variation is a combination
of these two factors. The final result depends upon the stronger of the two factors.
In this study it appears that the productivity effect has been stronger at the 125ka
level (425 cm).

At Site 219, from the array of 6 12O values, the LGM may be fixed at a depth of 75 cm.
Thus the average sedimentation rate for this period (last deglaciation) works out to be
4-2 cm/ka, consistent with the results of Whitmarsh et al (1974, p.45). The last inter-
glacial maximum may be placed at a depth of 175 cm where J 180 is more towards the
negative side. Therefore, during the Wisconsin glaciation the sedimentation rate was
approximately 0-9cm/ka. For the above calculation the ages of LGM and the last
interglacial maxima have been considered to be 18 ka and 125 ka respectively. In the
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entire core there are six peaks in 6 120 (towards the negative side) at 800, 650, 450, 275
and 175 cm depths which probably represent major and minor 5 interglacial periods.
Comparing these peaks with those given in the SPECMAP data (Imbrie et al 1984) the
approximate ages for these peaks are 500, 400, 320, 210 and 125ka respectively. The
bottom of the record (875cm) corresponds to about 630ka. These age data can bg
corroborated by the sedimentation rate for the studied sections as given by Whitmarsh
et al (1974, p. 45). The GIA value is of the order of 1-4%, less than the reported value of
around 29, for sites near Site 219 (Sarkar 1989). The plausible explanation for such
reduction has been discussed in the preceding section on Site 241,

The oscillation in the 6 1®0 curve at Site 219 (figure 2) is in good agreement with
the frequency curve of G. menardii, i.e., abundance peaks during interglacial periods
are indicated by negative 6 180 peaks and vice-versa. However this agreement is
disturbed at levels between 475 and 300 cm. This anomaly is possibly due to coarse
sampling.

The CaCO, percentage in Core 219 at 820, 660, 480, 340, 188, 139 and 38 cm are 70,
73,71, 60, 58, 52 and 68% respectively (Bode 1974). The productivity increases during
interglacial periods with strong summer monsoons. The levels near the above men-
tioned depths have produced assemblages which show good correlation of high
abundance of G. menardii and depleted 6 130 values with high carbonate percentage.

Variations in & '3C are generally positively correlated with § 180. At this site at
many levels it appears that the water mass was characterized by a general depletion
of heavier carbon isotopes. It appears that out of two factors viz., productivity
and mixing, the latter controls the § 13C variations at this site. During interglacial
periods when the southwest monsoon was vigorous, the deepening of the
mixed layer would have depleted the surface water in § '3C to some extent. Thus
the negative peaks in 4 12O (interglacials) correspond to lower § 13C values. Besides,
below 150cm depth in this core, the abundance of G. menardii is also negatively
correlated with 6 !3C. This suggests that despite the increased productivity, 6 '3C
values were reduced during interglacial periods, indicating the effect of deepening of the
mixed layer.

Since the sedimentation rate was very low, the 25 cm sampling interval at Site 220
corresponds to a wider time interval than at the other two sites. Moreover, the
inadequacy of faunal record at some levels has added to the problem of precisely
deciphering the cyclicity of & 13C values and the assignment of isotopic age (using
SPECMAP time scale) of the core which should have recorded 12 major and minor
interglacial periods. Based on SPECMAP time scale, if the age of the maximum
negative peak of 6120 at 500cm depth is assigned at about 730ka, the rate of
sedimentation works out to be 0-7cm/ka, consistent with that of Whitmarsh et al
(1974). As at Site 219, there exists an overall similarity between the G. menardii
abundance and 4 120 (negative) peaks.

The 6 13C curve at Site 220 does not present sharp fluctuations like those observed at
Sites 241 and 219. As this site location is nearer (about 320 km) to Site 219, the earlier
observation has been corroborated. Thus in this region the & !3C variations were more
likely to be controlled by the mixing of deep waters, rather than productivity.

Though a general correspondence can be deciphered among the abundance of
G. menardii at V and T zones (Sangamon and Yarmouth interglacials) and enrichment
of 6 13C values at this site, it is observed that at other levels such agreement is not fully
discernible due to constraints already noted.
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6. Conclusions

The GIA at Sites 241, 219 and 220 is of the order of 1-2, 1-4 and 1-9%, respectively. As
Site 241 is an upwelling-prone zone, the GIA might have been decreased due to the
mixing of cooler upwelled waters during the period of enhanced southwest monsoon.
The last glacial and interglacial maxima (18ka and 125ka respectively) could be
recognized in DSDP Cores 241 and 219 with some precision. Comparing Cores 219,
220 and 241 with the SPECMAP time scale (Imbrie et al 1984) the ‘warming’ peaks in
the & 180 curve could be correlated with the different ‘isotopic ages’. Based on the 6 120
stratigraphy the changes in sediment accumulation rates during glacial and interglacial
periods at different levels in these cores could be worked out. Ericson zones cor-
responding to changes in G. menardii abundance are generally in good agreement
with the oxygen isotope stratigraphy of these sites.

The oscillation in § 13C stratigraphy in Core 241 corresponds to the changes in
surface productivity induced by fluctuations in the southwest monsoon intensity
during the interglacial periods. The & >C variations at Sites 219 and 220 were not due,
to changes in surface productivity only, but resulted from the vertical mixing of deep
waters as well.
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