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While WETE allows climate projections with fewer
uncertainties than those in forecasts from numerical climate
models, the latter are necessary to examine and assess the
impact of processes like doubling of CO,. A component
of impact assessment can be introduced in WETE by con-
sidering a certain degree of change in the future epochal
change, but it may be difficult to quantitatively relate
such a change in the trend to processes like the doubling
of CO,. However, trend analyses have their inherent limi-
tations and it is necessary to involve dynamical consid-
erations for their improved reliability.
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Pteropod assemblages were studied at ODP Site 728A
near the Oman margin (northwestern Arabian Sea)
lying at a water depth of 1428 m, just below the pre-
sent-day Oxygen Minimum Zone (OMZ) and aragonite
compensation depth (ACD). Variations in the strength
of OMZ over the past 175 kyrs in the northwestern
Arabian Sea were reconstructed on the basis of chang-
ing abundances of pteropod at this site. The down-core
abundance reveals pteropod spikes at the transitions
of isotope stage MIS 6/5, MIS 2/1 and during glacial
stages MIS 6 and MIS 2, reflecting deepening of ACD
and relatively less intense OMZ in this region, possi-
bly due to deep-sea mixing and thermocline ventila-
tion, and the relative decline in surface productivity
during winter monsoon. In general, the interglacial
periods are largely devoid of, or marked with low
pteropod abundances, indicating dissolution of arago-
nite due to increased intensity of OMZ in the north-
western Arabian Sea. The distinct peak of abundance
of Limacina inflata and mesopelagic forms during
transition of MIS 6/5 reflects relatively lower surface
productivity compared to MIS 2/1 transition. How-
ever, both these transitions are marked with intense
deep-sea ventilation. This explains that the pteropod
preservation is mainly influenced by the fluctuations
in the OMZ due to deep-sea ventilation and remains
largely independent of variations in the surface pro-
ductivity. Thus, the dissolution and not the lack of
supply is mainly responsible for the low abundances of
pteropod shells in the deep-sea sediments of the high-
productivity regions like the Oman margin.

Keywords: Arabian Sea, monsoon, pteropod, surface
productivity, ventilation.

ARAGONITE, a metastable polymorph of CaCOg, is relati-
vely more soluble than calcite in sea water"”. Hence, the
aragonite lysocline and aragonite compensation depth
(ACD) are located at much shallower depths than calcite
compensation depth (CCD). Pteropods, important arago-
nite producers in the sea, are used to reconstruct the fluc-
tuations in the aragonite lysocline and ACD, which are
the depths at which pteropod shells are strongly affected
by dissolution or disappear in the sea-floor sediments res-
pectively”.
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High surface-water productivity combined with moder-
ate rate of thermocline ventilation* results in the intense
Oxygen Minimum Zone (OMZ) between 250 and 1200 m
(off Oman, down to 1500 m) water depth™°. Higher input
and decay of organic matter within the OMZ raise the
dissolved inorganic carbon (DIC) concentrations in the
subsurface waters and lower the pH, resulting in a shallow
aragonite saturation depth of 600-800 m in the Arabian
Sea’. Below this depth bottom waters are under-saturated
with respect to aragonite, and aragonite sediments begin
to dissolve. Decomposition of organic matter within the
sediments releases metabolic CO, to the pore water and
lowers the pore-water pH, leading to a further increase in
dissolution’. In addition, the OMZ is strengthened by the
contribution of low oxygenated and highly saline Red Sea
Outflow Water and Persian Gulf Outflow Water that are
centred around 800 m water depth. Beneath the OMZ, the
Arabian Sea is bathed by the more saline and oxygenated
North Indian Deep Water extending between approxi-
mately 1200 and 3800 m water depth®. Fluctuations in the
intensity and thickness of the OMZ also control the depth
of the ACD in the Arabian Sea. Lying just below the
OMZ, ODP site 728A is suitable to reconstruct the vari-
ability in the OMZ of northwestern Arabian Sea in res-
ponse to the climatic variations.

The ODP site 728A is located in the northwestern Ara-
bian Sea on the continental margin off Oman (lat.
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Figure 1. Surface hydrography in the Arabian Sea and location of
ODP Site 728A (solid circle; modified from Ishikawa and Oda’). A
strong clockwise surface ocean circulation (black arrows) develops dur-
ing the SW monsoon, which follows the direction of the Findlater Jet
(FJ, arrows with broken line). Coastal upwelling area is indicated by
dark grey; and the open ocean upwelling area by light grey. Anticlock-
wise NE monsoonal circulation is indicated by white arrows.
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17°40.49'N; long. 57°49.55’E) at a water depth of 1428 m
(Figure 1)°. Thirty-six core samples of about 9.0 m thick
section were selected for pteropod study. These samples
are 10 cubic cm plugs of sediment commonly taken at
25 cm intervals. Each core sample was treated with 10%
calgon solution for at least 20 h, wet-sieved using Tyler
sieves (125 pum) and oven-dried at 50°C. After drying,
samples of >125 um fraction were weighed and examined
under streozoom microscope to pick the pteropod shells.
All the pteropod specimens were identified and counted.
The total number of pteropod shells per gram sediment
was calculated. The relative abundance (%) and number
of shells per gram dry sediment of four most dominant
pteropod species were calculated. The ratios of total pter-
opod shells with the total planktic foraminifera (%Pt/Pf +
Pt) in each sample along with the relative abundances of
two significant planktic foraminiferal species, i.e. Globi-
gerina bulloides (high surface-productivity indicator) and
Neogloboquadrina pachyderma (a well-known temperate
species) were also measured. Relative abundances of the
mesopelagic and epipelagic pteropods were also plotted
on the basis of pteropod ecology described by Almogi-
Labin et al.” and Singh et al.''. Age of each sample was
calculated (in ka), following the time—depth relationship
at this site provided by Steens et al.".

A total of eleven species of pteropod were recorded in
the present work and some important taxa are illustrated
using scanning electron micrographs (Figure 2). Ptero-
pods show significant fluctuations in the total abundance
(number of pteropods per gram) and in simple diversity
(number of pteropod species) during the last ~175 kyrs
(Figures 3 and 4). Several intervals in the examined sec-
tion do not contain any pteropod shell representing periods
of intense aragonite dissolution. The encountered ptero-
pod species belong ecologically either to the epipelagic or

Figure 2.
at ODP site 728A. (Scale bar =100 um). a, Limacina
(d’Orbigny); b, Limacina trochiformis (d’Orbigny); ¢, Limacina buli-
moides (d’Orbigny); d, Clio convexa (Boas); e, Cavolinia gibbosa
(d’Orbigny); f, Creseis acicula (Rang) and g, Creseis virgula (Rang).

Photomicrographs of dominant pteropod species recorded
inflata
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Figure 3. Down-core variations in numerical abundance (number of specimens/g dry sediment) of selected pteropod

species, total number of pteropod shells/g dry sediment and relative abundance of planktic foraminifer, Globigerina bul-
loides. Grey bars with even numbers represent isotopic glacial intervals.
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Figure 4. Down-core variations in relative abundance of mesopelagic and epipelagic pteropods, number of pteropod
species in each sample, 60 measurements made on planktic foraminiferal species, Neogloboquadrina dutertrei (after
Steens et al.'?) and relative abundance of planktic foraminifer, Neogloboquadrina pachyderma.

to the mesopelagic group. Epipelagics are non-migratory
species that live in the mixed layer, whereas mesopelagics
are migratory species that inhabit the intermediate water
mass and migrate diurnally. Transitions of isotope stages
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MIS 6/5 (~132 to 128 ka) and MIS 2/1 (~15-10 ka) are
marked with peak abundances of about 10,000-14,000
specimens per gram dry sediment. Two more peaks of
pteropod abundance have been observed during glacial
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Figure 5. Down-core variations in relative abundance of selected pteropod species and ratio of pteropods vs pteropods

and planktic foraminifers (Pt/Pl + Pt%).

stage MIS 6 at ~168 ka and ~158-150 ka. Intervals of in-
creased pteropod abundance are also marked with higher
faunal diversity and increased percentages of mesope-
lagic pteropods (Figure 4). The above intervals are also
characterized by higher planktic 6'°0 values and higher
abundances of N. pachyderma (Figure 4). Abundance per
gram dry sediment and relative abundance of four most
common pteropod species are presented in Figures 3 and
4, comprising >80% of the total faunal assemblage. The
mesopelagic Limacina inflata is the most dominant spe-
cies during MIS 6/5 transition. It also occurs abundantly
at ~168 ka and ~150-158 ka intervals. Another mesope-
lagic species, Clio convexa is marked with abundance
peaks during these intervals (Figure 3). The epipelagic
Limacina trochiformis is marked with maximum domi-
nance during MIS 2/1 transition and also shows distinct
abundances at ~174, ~85 and ~24 ka. Creseis virgula, an
epipelagic species shows significant increase in abun-
dance (about 1500 specimens per gram dry sediment) at
the end of MIS 6 (Figure 3). In general, the intervals of
higher total abundance of pteropods also correspond with
the increased ratios of pteropod vs planktic foraminiferal
tests (Figure 5).

The absolute abundance of pteropods (specimens per
gram dry sediment) is mainly influenced by their produc-
tion within the water column, deposition vs dissolution
ratio of shells and sediment accumulation rate (dilution
effect)'’. A strong positive correlation has been reported
between production of pteropods and surface-water pro-
ductivity in the open ocean'*'*. Singh et al.'' have re-
corded maximum abundance of total pteropods in the
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Arabian Sea sediments of low primary-productivity re-
gions. However, flux study in the northeastern Arabian
Sea does not show any close relationship between ptero-
pod abundance and surface-water productivity". Thus,
some other factors in addition to surface-water producti-
vity control the pteropod distribution. The pteropod spe-
cies recorded in the present study are tolerant to a wide
range of salinity, as they are also distributed in both low-
and high-salinity waters®'’. Aragonite preservation appears
to have major influence on the pteropod content of relati-
vely deeper sediments and intervals of higher pteropod
abundance indicate better aragonite preservation.
Aragonite shells of the pteropods dissolve rapidly
within the COj-rich waters of the OMZ during sinking
through the water column. In general, the ACD, there-
fore, lies nearly at the middle of the OMZ, preventing
good pteropod deposition at ODP site 728A, which lies
just below the OMZ. Thus, it is suggested that variation
in the abundance of pteropod shells should be related to
the changing strength of the OMZ in the NW Arabian
Sea. Reichart et al.'® have reported that high pteropod
preservation index values are associated with low values
of Cyg during glacial intervals due to low surface-water
productivity. Thus, intervals of prominent peak of ptero-
pod abundance represent substantial deepening of the
ACD and weakened OMZ in the NW Arabian Sea, possi-
bly due to low surface-water productivity combined with
intense rate of thermocline ventilation. The lowering of
the ACD in the northern Arabian Sea suggests that the lo-
cal OMZ has been significantly reduced in intensity dur-
ing several periods because of a more intense convective
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turnover'®. Intense winter mixing results in a weakening
of the OMZ and a reduction of the nutrient concentration
in the sub-surface waters. During the glacial period, in-
tensified winter monsoonal winds could have increased
excess evaporation over freshwater input over much of
the Arabian Sea, thereby resulting in an increase in sea
surface salinity (SSS). The combined effect of decreased
sea surface temperature and high SSS has increased the
sea surface densities, thereby promoting deep water mix-
ing in the northern part of Arabian Sea during the glacial
periods®.

The pteropod spikes have been observed at the transi-
tions from glacial to interglacial (MIS 6/5 and MIS 2/1),
whereas most of the interglacial intervals have no or rare
pteropod shells. A similar pattern was also recorded in
the Gulf of Aden where interglacial stages (MIS 13 to
MIS 1) were almost devoid of pteropod shells'®. How-
ever, pteropod spikes occur at all transitions from glacial
to interglacial stages, with a maximum during MIS 6. The
interval of MIS 6 shows intense surface-water cooling as
reflected in the increased values of planktic 6O and
dominant occurrences of temperate planktic foraminifer,
N. pachyderma (Figure 4). Also, the glacial/interglacial
preservation pattern supports the Murray Ridge records®*®
which show pteropod spikes at transitions from glacial to
interglacial (MIS 6/5, 4/3 and 2/1). The pteropod spike
across the MIS 2/1 transition is mainly contributed by the
epipelagic form, L. trochiformis whereas the mesopelagic
L. inflata contributes dominantly to the pteropod spike
during MIS 6/5 transition. Thus, this difference in ptero-
pod abundance may possibly be due to a relatively more
intensified monsoon-driven surface productivity during
MIS 2/1 transition than across the MIS 6/5 transition,
which is also evident with the relative increase in the
abundance of G. bulloides, a well-known planktic fora-
minifer of high surface productivity region (Figure 3).
However, ventilation of the OMZ was significantly more
to allow better pteropod preservation during both these
transitions. Thus, the breakdown in the OMZ conditions
may be mainly due to enhanced deep-winter mixing instead
of decreased surface productivity.

The mesopelagic pteropod assemblages show a decrease
in abundance during periods of more intense and verti-
cally more extended OMZ in the Red Sea'. Almogi-Labin
et al.'®'® suggested that a more intense and vertically
more extended OMZ would be responsible for the elimi-
nation of L. inflata and other mesopelagic pteropods.
They (op. cit.) also reported that the peaks of abundance
of L. inflata, the most common mesopelagic pteropods
during the Holocene, are associated with a well-aerated
OMZ. L. trochiformis and C. virgula are epipelagic species
living in the mixed layer with small-scale vertical migra-
tions®. L. trochiformis and C. virgula together constitute
a major portion of the epipelagic group. Studies have re-
vealed that these species are only confined to the upper
50-100 m, with C. virgula being a somewhat shallower
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mixed-layer dweller'®'**, Thus, the changing abundances
of these two epipelagic species may be divided into the
intervals with L. trochiformis dominance reflecting a
thicker mixed layer and with C. virgula dominance re-
flecting shallower mixed layer. Changing position of the
mixed layer may be in response to the variations within
an overall humid climatic phase.

The intensity of the monsoon during interglacial and
interstadial stages is high, which results into enhanced
upwelling and surface productivity off Somalia and
Oman”>*, In general, total abundance of pteropods shows
an almost reverse trend with the abundance of G. bul-
loides reflecting opposite relation with surface water pro-
ductivity, which is mainly influenced by the strength of
the SW monsoon. The increased influx and remineraliza-
tion of organic matter has resulted in high DIC concentra-
tions in the subsurface waters, thus reducing the pH and
dissolving the aragonite®®. However, during the intervals
of weak SW monsoon upwelling, induced surface-water
productivity becomes low, which increases the pteropod
preservation due to higher pH in the intermediate and
bottom waters. Intervals with relatively low pteropod
abundances but higher abundances of epipelagic forms
reflect relatively strong OMZ. The higher strength of the
OMLZ is possibly due to monsoon-led surface-water pro-
ductivity and reduced deep-winter mixing, which cause
dissolution of major pteropod population due to decline
in pore water pH. However, the absence or poor pteropod
preservation in the NW Arabian Sea and other upwelling
regions suggests that dissolution and not the lack of sup-
ply is responsible for the low pteropod abundance or its
absence in the higher productivity regions**°,

Summarizing, aragonite (pteropod) preservation appears
to be influenced by the changing strength of the OMZ,
providing a proxy to understand the history of the OMZ
fluctuations in the NW Arabian Sea. Most of the exam-
ined section (mainly interglacial intervals) is marked with
either absence or low pteropod abundances, indicating
rapid aragonite dissolution due to the development of
strong OMZ. The strength of the OMZ increases most
likely in response to higher organic matter influx due to
increased SW monsoon-led upwelling and surface-water
productivity. However, few distinct pteropod spikes have
been identified during the last ~175 kyrs, suggesting increa-
sed aragonite preservation. Increased pteropod preserva-
tion mainly during glacial periods and glacial/interglacial
transitions suggests substantially weakened OMZ and
relatively deep ACD. This explains that the significant
ventilation of deep water due to increased deep winter
mixing causes less intense OMZ during periods of reduced
summer monsoon.
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Nitrogen isotopes in chondrules:
Signatures of precursors and
formation processes

J. P.Das and S. V. S. Murty*
Planetary and Geosciences Division, Physical Research Laboratory,
Ahmedabad 380 009, India

Nitrogen isotope abundance of 68 individual chondru-
les separated from six ordinary, two carbonaceous
and two enstatite chondrites has been analysed. N
composition of chondrules from ordinary and carbo-
naceous chondrites generally shows large variation
and differs from that of their host. This large range of
N composition suggests the presence of different N
components in their precursors. Chondrules from the
enstatite chondrites on the other hand show N isotopic
composition similar to that of their host, suggesting
precursors with similar N components for both chon-
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