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A B S T R A C T

During the International Ocean Discovery Program (IODP) Expedition 359, a long continuous carbonate-rich

sequence was recovered from the Inner Sea of Maldives. We investigated pteropod proxies (absolute abundance

of pteropods species, total pteropods, epipelagic to mesopelagic ratio, fragmentation ratio, Limacina Dissolution

Index (LDX), mean shell size variations of L. inflata) from Sites U1467 (water depth: 487m) and U1468 (water

depth: 521m) to understand both surface and sub-surface paleoceanographic changes in the equatorial Indian

Ocean and to improve our understanding of the factors responsible for pteropod preservation on longer time-

scales. A total of 15 species of pteropods were identified, and their downcore variations were documented from

the core top to 707.49 mbsf in U1467 and from 447.4 to 846.92 mbsf in U1468. At the Site U1467, pteropod

shells show high abundances/preservation up to a depth of 45 mbsf (~1.2Ma), which is consistent with the

presence of aragonite content in sediments (with the top 50m bearing high aragonite content). Beyond 45 mbsf,

only fragmented pteropod shells were seen down to 50 mbsf (corresponding to 1.5Ma) followed by a total

absence of pteropod shells and fragments from 50 mbsf (~1.5Ma) to the end of the core at 846.92 mbsf

(~24Ma). A decrease in the SO4
2
ˉconcentration and alkalinity in the interstitial fluid geochemistry is seen at

these depths. The presence of dolomite content below 50 mbsf also indicates the alteration of aragonite into

dolomite. Analyses of the carbonate preservation proxies reveal that the pteropods exhibit considerable fluc-

tuation in abundance/preservation during the last 1.2 Myr. A good to moderate preservation (LDX: 2 to 3) is seen

which correlates well with the fragmentation ratio but with an inverse relation with calcification rate. The

proxies for in-life pteropod shell dissolution (average size of L. inflata and LDX) indicate that glacial periods (MIS

16, 14, 6, 4 and 2) have shown no signs of dissolution pointing better calcification under aragonite-saturated

water column which is in good correlation with reduced atmospheric CO₂ concentration. Epipelagic/mesope-

lagic ratio indicates that the water column exhibited enhanced ventilation and mixing during glacial to inter-

glacial periods, but intervals of intense stratification, a sign of poor ventilation or weakened circulation, was

prevalent beyond MIS 14. The longest interval of poorest preservation was marked during MIS 11 and 13, which

corresponds to the ‘Mid-Brunhes Dissolution Interval (MBDI).’ On a longer time scale, the abundances/pre-

servation of pteropods in the Maldives seems to be controlled by changes in the seawater chemistry associated

with monsoon productivity, water column ventilation, and atmospheric CO2 concentration.

1. Introduction

Euthecosomatous pteropods are a ubiquitous and abundant group of

holoplanktonic, pelagic mollusks belonging to class Gastropoda and

secreting aragonitic tests which contribute significant amounts of cal-

careous materials to marine sediments, particularly in tropical and

subtropical latitudes (e.g., Herman, 1968; Orr et al., 2005). The

abundance of pteropods within different water-masses depend upon

physico-chemical properties, and by the adaptive potential of different

individual species, hence they can record the past ocean conditions in

postmortem shells. Owing to the larger size and mass than that of for-

aminifera shells, pteropod tests have a higher settling velocity that

promotes deposition close to their habitat (Kalberer et al., 1993). The

distribution and preservation of aragonite shells in the seafloor
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sediments provide important information about the carbonate chem-

istry of the oceans and the paleoceanographic signatures (e.g., Gerhardt

et al., 2000; Gerhardt and Henrich, 2001). The aragonite records were

effectively used to interpret the paleoclimate, ocean circulation and

history of ocean water chemistry (Gardner, 1975; Crowley, 1983, [CSL

STYLE ERROR: reference with no printed form.]; Droxler et al., 1983;

Howard and Prell, 1994; Böning and Bard, 2009; Wall-Palmer et al.,

2013).

Recent studies are more concerned about the effect of ocean acid-

ification upon calcifying organisms like pteropods and highlight that

the thecosomatous pteropods are at high risk (Orr et al., 2005; Fabry

et al., 2008; Comeau et al., 2012; Bednaršek et al., 2012a, 2012b).

Increased dissolved CO2 concentration leads to decreased water pH and

low carbonate concentration, causes reduced calcification rates, and

enhances dissolution in the shells of living pteropods (e.g., Wall-Palmer

et al., 2013). It has been found that although pteropods can calcify in

under-saturated water with respect to aragonite, the rate of calcifica-

tion is reduced and enhanced dissolution corrodes the surface layer of

their shells (Comeau et al., 2012). This results in the production of

smaller, weaker shells with damaged outer aragonite layer (Bednaršek

et al., 2012b; Wall-Palmer et al., 2013). Several criteria have been

commonly used as indicators of the intensity of carbonate dissolution in

deep-sea sediments. Among them, Limacina Dissolution Index (LDX),

which is the widely used proxy to assess the scale of pteropod shell

dissolution, is designed to determine the depth of aragonite lysocline

(Aly). Limacina inflata is an abundant species in the tropical ocean; their

shells have a helical aragonite microstructure (Bé and Gilmer, 1977)

which makes them more susceptible to dissolution than other species of

Limacina, thus are extremely useful for comparing LDX record. Recent

studies using calcification (from L. inflata average shell-size data) and

LDX (as a proxy of in-life shell dissolution) have shown that the low

atmospheric CO2 concentration and the resulting high surface-water

carbonate saturation coincide with the presence of large shells and low

in-life dissolution during glacial periods in a 450 kyr record (Wall-

Palmer et al., 2013).

There are not many long-term continuous records of pteropods since

Fig. 1. Study area with core locations, carbonate saturation profile, and water-masses. (a) Enlarged core location sites with respect to key islands. Location of the

Indian Ocean (1) IODP Expedition 359 Site U1467 (water depth: 428m) (2) IODP Expedition 359 Site U1468 (water depth: 531m) in the Maldives, along with the

previous locations where studies have been conducted, such as (3) R/V Meteor piston core M74/4–1095 on the western slope of Malé Atoll (water depth: 328m)

(modified from Paul et al., 2011), (4) ODP Leg 115 Site 716 near the middle of Kaashidhoo channel (water depth: 540m) (modified from Droxler et al., 1990; Cullen

and Droxler, 1990; Sarkar and Gupta, 2009), and (5) (a) ODP Leg 115 Site 714 Hole A, 30 km southeast of Fadiffolu Atoll (water depth: 2195m), (b) modern water-

masses around the Maldives with the relative position of IODP Expedition 359 Site U1467 and U14698. Water-masses include Indian Equatorial Water (IEW), Red

Sea-Persian Gulf Intermediate Water (RSPGIW) and Circumpolar Deep Water (CDW). Currents include Summer South West Monsoon Current (SWMC) and North

Indian High Salinity Intermediate Water (NIHSIW). Oxygen Minimum Zone (OMZ) for the Arabian Sea is applied to this area, producing an ALy at 600m. (In-

formation from Emery, 2001; Sabine et al., 2002; modified from Sarkar and Gupta, 2009; Wall-Palmer et al., 2013),and (c) Aragonite profile of the Indian Ocean

(Böning and Bard, 2009; Reid et al., 2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Miocene from the Indian Ocean even though they are known to occur

since the Cretaceous. The preservation of the pteropods during the last

55 kyr in the Andaman Sea has shown an inverse relationship with

atmospheric CO2 concentration (Sijinkumar et al., 2015). Hence, pter-

opod microfossils can be effectively used as a proxy for paleoclimate

and, more specifically, ocean acidification driven by natural fluctuation

in the CO2 concentration on longer time scales. A recent study from the

Indian Ocean has revealed the anthropogenic effects on aragonite

preservation (Sabine et al., 2002). The aragonite saturation depth has

shoaled significantly by 25–155m in the Indian Ocean due to the ab-

sorption of anthropogenic CO₂ in the subsurface water-masses and also

due to increasing inorganic-matter decomposition rates (Sabine et al.,

2002; Sarma et al., 2002). The present-day, aragonite saturation level in

the Indian Ocean is significantly shallower than that of the pre-in-

dustrial time.

The deepest aragonite saturation is found in the southwestern

Indian Ocean, and the saturation horizon then shoals toward the

northeast to a minimum of 200–400m in the Bay of Bengal (Sabine

et al., 2002; Sarma et al., 2002). The production and composition of

biogenic carbonate in the equatorial Indian Ocean are related to en-

vironmental conditions of surface-waters that are under the direct in-

fluence of the unique monsoon climatic and oceanographic settings of

the northern Indian Ocean (Cullen and Droxler, 1990). Thus, it is cru-

cial to understand the past records of ocean acidification driven by

natural causes on the longer timescale for future modeling and pre-

dictions. The present study attempts to assess the preservation record of

aragonitic pteropod shells from the Maldives, the Indian Ocean, in cores

from IODP Expedition 359, which provides a complete Neogene record

of the platform and platform margin sediments. A comparison with the

pelagic records over the same time period would allow us to assess the

extent to which platform carbonates record changes in the global

carbon cycle (see Swart et al., 2019). The advantage with the drill sites

of IODP Expedition 359 is that the water depths of drill sites are above

the Aragonite lysocline and thus the changes in pteropod preservation

are not influenced by shifts in lysocline.

2. Oceanographic settings

The Maldives archipelago is an isolated tropical carbonate-platform

located in the Equatorial Indian Ocean and thus ideal for studying the

pelagic sedimentation. A North-South oriented double row of atolls

(about 1200 smaller atolls) encloses the Inner Sea of the Maldives

(Fig. 1). The Inner Sea is characterized by periplatform ooze deposition

(Droxler et al., 1990; Malone et al., 1990), locally accumulated into

sediment-drift bodies (Betzler et al., 2009, 2013a, 2013b; Lüdmann

et al., 2013). Passages separate the atolls formed during the partial

demise of larger carbonate banks along with the drift deposition during

the middle Miocene at 13Ma (Aubert and Droxler, 1996; Betzler et al.,

2009, 2013a, 2013b, 2016; Lüdmann et al., 2013). The climate and

oceanographic setting of the Maldives are dictated by the seasonally

reversing Indian monsoon system (Tomczak and Godfrey, 2003). The

strong south-westerly winds prevail from mid May to November, ac-

companied by eastward currents and torrential rainfall (south-west

monsoon, wet season; Schott et al., 2009) and primary productivity

reaches its maximum in September, i.e. at the end of the southwest

monsoon, but is moderate compared to high-productivity areas of the

Arabian Sea (Schulte et al., 1999). However, the upwelled water is

overlain by a thin low-salinity layer (510m thick), which results from

local precipitation (Schulte et al., 1999). The effect of upwelling,

therefore, is small though the thermocline is shallow. A reversed pat-

tern of wind and ocean currents is developed from January to March,

with meager precipitation rates (northeast monsoon, dry season). A

deepening of the mixed layer is observed during the northeast mon-

soon, but without an increase in primary productivity owing to the

inflow of low salinity surface waters from the Bay of Bengal (Schulte

et al., 1999). The mean annual temperatures lie between 25.7 °C and

30.5 °C, with the highest temperatures observed in April and the lowest

in December. Mean annual precipitation is 1924.7 mm for the central

Maldives, with precipitation maxima occurring from May to December.

The Maldives are thus among the few carbonate platforms which have

developed in a regime of strong annual changes in wind and current

patterns (Paul et al., 2011). The IODP Expedition 359 results have

proved that the currents were established abruptly, in response to the

onset of the Indian Monsoon around 12.9Ma (Betzler et al., 2016,

2018). Water-masses include the Indian Equatorial Water (IEW), Red

Sea-Persian Gulf Intermediate Water (RSPGIW) and the Circumpolar

Deep Water (CDW). Currents include the summer South West Monsoon

Current (SWMC) and the North Indian High Salinity Intermediate Water

(NIHSIW) (Emery, 2001; Sabine et al., 2002).

3. Material and methods

The easternmost Site U1467 (4°51.0274′N, 073°17.0223′E, water

depth: 487m) in the Inner Sea of Maldives was drilled during

International Ocean Discovery Program (IODP) Expedition 359. The

site is located 24.8 km east of the eastern end of the northern transect,

and 29.4 km east of the eastern end of the southern transect and re-

presents drift deposits. Site U1468 is located in the Kardiva channel in

the Inner Sea (4°55.9823′N, 073°4.2834′E, water depth: 521m) of

Maldives (Fig. 1). The Site U1468 has platform-related sediments

overlain by a thick succession of current-controlled deposits that allow

for dating the age of the onset of the drifts which is related to the onset

of the Indian monsoon (Betzler et al., 2018). Both sites together provide

a complete Neogene record of the platform and platform margin sedi-

ments (Betzler et al., 2016, 2017, 2018). Pteropods were studied from

both of these sites in which three hundred and forty-eight samples were

analyzed from Site U1467 (~12.48 Myr old sediment sequence), rich in

foraminifera, nannofossils and pteropods ranging from ~1500 kyr to

present and 29 samples from Site U1468 ranging from ~25 Myr to 12

Myr (ages from chronological models provided in site reports, Betzler

et al., 2017). Samples were soaked in water for 8–12 h and washed with

a jet of water over a 63 μm size sieve. The washed samples retained on

the sieve were dried in an electric oven at ~42 °C, and the dried sedi-

ments were transferred into labeled vials. The dried filtrate was sieved

through 150 μm mesh sieve. The samples were split into several ali-

quots to reduce the total number to a minimum of 300 individuals. Care

was taken to avoid mechanical damage of the shells. The sample was

then weighed using an analytical balance, and the number of pteropods

presented in the paper refers to this original weight. The coarse fraction

(> 150 μm) was used for quantitative and qualitative analysis of pter-

opods assemblages under a stereo zoom binocular microscope. The

pteropod species were identified following Van der Spoel (1967), Bé

and Gilmer (1977) and Almogi-Labin (1982). All pteropod shells were

identified, counted, and computed as an absolute number per gram of

dry sediment. Pteropod fragments were also counted, and the frag-

mentation ratio was calculated using the expression nF/(nF+ nW),

where nF is the number of fragments and nW is the number of whole

tests (Klöcker et al., 2006). The various indirect dissolution proxies,

pteropod abundances, and dissolution index of L. inflata were used to

assess the state of aragonite preservation. Following Gerhardt and

Henrich (2001), preservation stages (scale 0–5) were assigned to L.

inflata of size> 150 μm for each sample, and the LDX is calculated

using the expression, LDX= Ʃ (N p*p)/ ƩN p, where N p represents the

number of investigated tests per preservation stage, p (0–5). The

downcore variations in all the six stages of L. inflata and their abun-

dances are also studied and compared with other results. The average

shell size of L. inflata was also measured as an indicator of shell calci-

fication (following Wall-Palmer et al., 2013). Epipelagic and mesope-

lagic species ratio was used to delineate the past ventilation changes.

Attempts have been made to compare the data with the existing records

of Pleistocene pteropod abundances, LDX and average shell size of L.

inflata, atmospheric CO₂ record, and monsoon productivity proxies. The
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core collection, sampling techniques, lithostratigraphy, age models,

mineralogy, and geochemical data have been previously published for

Sites U1467 and U1468 in IODP Proceedings (Betzler et al., 2016,

2017).

4. Results

4.1. Pteropod species abundances/preservation

Total pteropod data from IODP 359 Site U1467 are presented in

Fig. 2 and compared with the aragonite, high-Mg calcite (HMC`), do-

lomite and pore-water Sr2+ content for depicting the relationship be-

tween the geochemistry of the sediments and fossilized aragonite shells.

The present study has yielded rich assemblages of 15 pteropod species

from Site U1467, and their downcore abundance per gram of sediments

is presented in Fig. 3. There are no pteropod shells or its fragments

present from 447.4 to 846.92 mbsf at Site U1468. The presence of en-

crusted or lumps of foraminifera shells which are filled with sediments/

minerals are present in distinct intervals in the lower part of the core of

Site U1467 (below 48 mbsf) (See Betzler et al., 2017). Further down-

core, there are no whole pteropod shells, but only fragments are present

which slowly grades into recrystallized/remineralized lumps (below 60

mbsf) (Figs. 2 and 3). The mesopelagic L. inflata is the dominant species

and comprises about 60 to 70% of the total assemblages. Downcore, the

species abundance varies considerably, with peaks (> 50%) during

glacial stages. During MIS 11 and 13, the abundance/preservation was

very low. The epipelagic species L. trochiformis, associated with up-

welling, ranks second in absolute abundance and shows the highest

abundance during MIS 6–7. Mesopelagic upwelling species L. bulimoides

ranked third among the pteropods in absolute abundance and was rare

during MIS 2, 6, and 8 but was more common during MIS 5, 7 and 14.

In general, these two species are more abundant during interglacial

stages. Creseis virgule s.l. includes variants like C. virgula virgula, C.

virgula conica, and C. chierchiae and ranks fourth in abundance. These

three species belonging to the epipelagic group live in the mixed layer

(Bé and Gilmer, 1977). In general, the absolute abundance of C. virgule

s.l. was higher during the interglacial stages. Styliola subula ranked fifth

and were abundant during MIS 5. Cavolinia gibbosa, a mesopelagic

species, is the next most abundant which were plentiful during inter-

glacial sections. A rare bathypelagic species, Clio polita which was

documented by Ivanova (1985) in Red Sea sediments, was encountered

at certain depths corresponding to MIS 2, 5 and 16. Clio cuspidata,

Diacria quadridentata, C.convexa, C. pyramidata, C. acicula, and D. tris-

pinosa are the least abundant species among the other pteropods which

are abundant during interglacial to glacial transition stages. Also, the

pteropod abundance falls to less than one hundred shells from MIS 16 to

MIS 19 (Fig. 3).

4.2. Mesopelagic vs. epipelagic species

The ratios of mesopelagic to epipelagic species are estimated to

understand the past ventilation changes in the water column (Fig. 4). In

the present study, it is found that mesopelagic species were abundant

over epipelagic, and the ratio is high during some of the interglacial

periods. The significant increase in mesopelagic species abundance was

demarcated during MIS 3, 4, MIS 6 to MIS 5 transition, MIS 8 to MIS 7

transition, and MIS 14 to MIS 13 transition periods. On the other hand,

epipelagic species abundance was high during MIS 2 to 1 transition,

MIS 7 to 6 transitions, MIS 10 to 9 transitions and beyond MIS 15. The

ratio exhibited high values when epipelagic species were plenty over

mesopelagic species.

Fig. 2. (a) Downcore variation of total pteropods (no. g−1) plotted against depth and age, (b) aragonite content (%), (c) High-Mg Calcium (%), (d) dolomite content

(%) in sediments & (e) Sr2+ (μM/cm3) in pore-water with depth and age. The shaded box indicates the depth range up to which pteropod shells are preserved. The

dotted line marks the depth where pteropod shell fragmentation sets out maximum. The arrow marks indicate the variations in pore-water chemistry and dolomite

(%) in sediments in relation with remineralization/alteration of aragonite.
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4.3. Aragonite dissolution and calcification proxies

The state of aragonite shell preservation varies throughout the re-

cord (Fig. 5). The six different classes of preservation used by Almogi-

Labin et al. (1986) were applied here. The scale extends from 0 (best;

pristine, transparent shells) to 5 (worst; opaque-white, totally lusterless

and perforated shells). In the present investigation, two intervals of

major variation in the mode of preservation were observed. The least

altered shells of the L. inflata were common during glacial periods, and

mostly corroded shells were observed during interglacial periods. In

most of the record, the majority of pteropod shells are preserved with

their original aragonite shells. Quantitatively, they are more abundant

during MIS 2, 6, and 12. The in-life pteropod dissolution was de-

termined using the LDX (Fig. 5) and does not show much variation until

800 kyr since most of the values fall between 2 and 3 preservation

stages, which indicate moderate preservation (i.e., opaque white shells

lustrous to partly lusterless shell surface). In general, relatively higher

values of preservation stage (more corroded) are noted during inter-

glacial stages. The interval of higher dissolution occurred during the

Mid-Brunhes Dissolution Interval (MBDI). Further down, LDX values hit

the highest points. A considerable amount of pteropod fragments are

found in samples at the deeper depths which show higher values during

most of the interglacial stages. The number of pteropod fragments in-

creases considerably downcore and is higher during interglacial, MBDI,

MIS 18 and 1000 kyr to 790 kyr. Fragmentation ratios correlate with

LDX, and are moderate up to 700 kyr, but amplify rapidly with depth.

LDX data are compared with that of the ODP Site 716B record (Wall-

Palmer et al., 2013) and found that the data is well matching, where

glacial (interglacial) periods are marked by lower (higher) dissolution

index and vice versa. Good correlation in LDX values between ODP

Hole 716B and Site U1467 was seen during MIS 2 and MIS 6 (Fig. 5).

The average shell size of L. inflata was measured as an indicator of

shell calcification (Wall-Palmer et al., 2013). The shell size was calcu-

lated by measuring the diameter perpendicular to the line of aperture

on the spiral side using a photomicroscope. Measurements were made

for all appropriate shells (> 150 μm) that had been picked from a count

of 300 pteropod and foraminifera specimens for each sample and pre-

sented as an average. Shell sizes were found to be smaller during in-

terglacial stages, suggesting reduced calcification (Fig. 5). Average shell

size can also be used to rule out the post-depositional dissolution of

pteropod shells. Preferential dissolution of smaller shells leaves larger,

stout preserved shells. Total pteropods records of Site U1467 were

compared with the limited published records of pteropod preservation,

atmospheric CO2 record and monsoon productivity proxies for the last

800 kyr, which exhibit good correlation with the pteropod preserva-

tion/abundances (Fig. 6). In general, the preservation maximum cor-

responds to the glacial stages when CO2 in the atmosphere was

minimum. Pteropod based (pteropods fragmentation ratio and LDX)

Fig. 3. Downcore variations in the absolute abundance (no. g−1) of all the pteropod species and total pteropods in Core Site U1467 with respect to age and glacial-

interglacial stages. Shaded portion marks MBDI.
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carbonate dissolution data are compared with previously published

foraminifera dissolution index (foraminifera fragmentation ratio and

foraminifera preservation index), which are given in Fig. 7.

5. Discussion

5.1. Mineralogical changes at the expense of pteropod dissolution

The well-preserved fossil pteropods shells are found only during the

last 800 kyr (Site U1467) coinciding with high aragonite content in the

sediments (45–55%; Betzler et al., 2017) (Fig. 2). The presence of

pteropods shells and fragments coincides with the decrease in aragonite

content (Fig. 2). Deeper down, mere fragments followed by the com-

plete absence of pteropods are noticed (Figs. 2 and 3), suggesting the

carbonate remineralization at a depth of 60 mbsf (1500 ka) which is

also supported by changes in pore-water SO4
2− and alkalinity (Betzler

et al., 2017). The depth of reduction in well-preserved pteropod shells

with an increase in the presence of their fragments coincides with an

increase in the dolomite content at 55 mbsf, suggesting the formation of

dolomite at the expense of aragonite dissolution (Fig. 2). In the upper

~50 mbsf, the sediment consists of a small amount of HMC (See Betzler

et al., 2017). This precipitation of HMC is often associated with ara-

gonite dissolution. So the decrease in pteropods could be a consequence

of dissolution of aragonite followed by precipitation of calcite, which

would have accounted for the substantial increase in pore-water Sr2+

content, possibly leading to the formation of Celestine (SrSO4) (Baker,

1986; Baker and Bloomer, 1988; Swart and Guzikowski, 1988; Swart

and Burns, 1990; Swart et al., 1993), which was noticed between 163

and 393 mbsf (Betzler et al., 2017). The complete absence of pteropods

and their fragments below 1.5 Myr owing to their present position

above ALy, suggests diagenetic/post-deposition dissolution or sig-

nificant shoaling of ACD.

5.2. Pteropod abundances/preservation in the equatorial Indian Ocean

The analyses of the last 24 Myr on IODP 359 Expedition Sites U1467

and U1468 have yielded the presence of fossil pteropods shells re-

stricted only to the sediments of the last 1 Myr, whereas the presence of

fragments was noted until 1.5 Myr. The variations in the pteropod

abundance/preservation in the past 1 Myr record suggests systematic

high and low-frequency variations in the aragonite content. Seawater

chemistry had a primary impact on pteropod preservation. The study

conducted by Betzler et al. (2017) using the sediments from Site U1467

shows a decrease in the SO4
2− concentration and alkalinity in the in-

terstitial fluid geochemistry indicate that significant remineralization of

organic material has occurred below 50 mbsf. An odor of H2S was also

reported upon core recovery and squeezing of the whole-round sam-

ples, suggesting the bacterial sulfate reduction (BSR). Within the well-

preserved record, a characteristic very low abundance to complete

absence of pteropod shells was noted during MBDI. The long-term re-

cords of pteropod preservation from the equatorial Indian Ocean are

very few and limited to past 600 kyr (Cullen and Droxler, 1990; Droxler

et al., 1990). The present record for the last 1 Myr is compared with

other records from the Indian Ocean, which shows regional similarity in

pteropod abundance/preservation (Fig. 6). In ODP Hole 716A, pter-

opods occurred exclusively during the period between 450 and 150 kyr

Fig. 4. (a) Total mesopelagic (no. g−1) (b) total epipelagic species (no. g−1) and (c) epipelagic/ mesopelagic ratio for water column changes plotted against age with

MIS. Periods of enhanced ventilation and stratifications are marked using variations in the abundance/preservation of pteropods of different depth habitats.
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(Sarkar and Gupta, 2009). The characteristic global deglacial pre-

servation spike was not seen in the Maldives record, but a smaller

amplitude spike was noted during MIS 2. These global deglacial spikes

occurred between 19 and 12 kyr in the Indian, the Pacific, and the

Atlantic (see Sijinkumar et al., 2015 and references therein). It is cen-

tered at 13.5 ka BP in the Pacific, whereas in the Gulf of Mexico, high

abundance/preservation of pteropod is encountered between 15 and

12.5 kyr. However, in the Equatorial Atlantic, it is centered between

13.5 and 14 kyr (Wiseman, 1965). The timing of the preservation spike

in the Indian Ocean is consistent between 19 and 14 kyr, while the

exact timing of the Andaman Sea preservation spike is between 19 and

15.5 kyr (Sijinkumar et al., 2015), while in the eastern Arabian Sea, the

preservation spike off Goa is reported at 17.8–15 kyr (Singh et al.,

2006). A preservation spike is observed between 18.8 and 14 kyr in the

Gulf of Aden (Almogi-Labin et al., 2000) and between 17 and 13 kyr in

the western Arabian Sea (Klöcker et al., 2006).

High abundances of pteropod species and total pteropods were seen

during glacial periods and glacial to interglacial transitions. During

interglacial to glacial transition stages, pteropods abundance/pre-

servation was low. The most prominent period of best preservation of

pteropods was centered at Eemian interglacial (MIS 5e) (Fig. 5) which is

an exception when compared to other interglacial periods (MIS 7, 9, 11,

13), possibly the sea-level high stand favoring pteropod preservation by

flooding the atoll and thereby producing high amounts of aragonite and

mud, which were then exported and deposited in the inner sea (e.g.

Siddall et al., 2003; Rohling et al., 2009). Similarly, pteropod minimum

during early MIS 6 corresponds to the lowered sea level (Siddall et al.,

2003; Rohling et al., 2009). Variations in the input are directly tied to

alternate flooding and exposure of the shallow carbonate banks and,

therefore, are a direct result of late Pleistocene climate-induced sea-

level fluctuations Boardman et al., 1986; Droxler and Schlager, 1985;

Reymer et al., 1985). They have described and summarized this concept

as “carbonate high-stand shedding.” In this case, therefore, high ara-

gonite content in periplatform sediments should correspond to inter-

glacial stages (the sea-level high stand), whereas low aragonite content

should correspond to glacial intervals (sea-level low stand). But this is

not seen in the pteropod records (except for MIS 5) with high abun-

dances of the pteropods during glacial periods and low abundance/

preservation during interglacial periods. Thus, according to the results

obtained here, the good aragonite preservation during glacial periods

can be attributed to very low atmospheric CO2, enhanced ventilation

and strengthened influx of Subantarctic Mode and Antarctic Inter-

mediate Waters (SAMW-AAIW) and weakening of oxygen minimum

zone (OMZ) (Böning and Bard, 2009).

The Indian Ocean pteropods belong ecologically to the epipelagic

non-migratory group or the mesopelagic migratory species. The abun-

dance of mesopelagic species L. inflata in the assemblage reflects in-

creasing water depth; on the other hand, the predominance of C. aci-

cula, C. chierchiae, and C. virgula suggests shallow water condition. The

absolute abundances of mesopelagic and epipelagic species varied fre-

quently during the last 1200 kyr (Fig. 4). Variations in the abundance of

epipelagic over mesopelagic indicate fluctuation in the nature and

Fig. 5. Aragonite preservation and dissolution proxies (a) total pteropods (no. g−1) (b) LDX (c) average shell size of L. inflata (μm) and (d) fragmentation ratio

(fragments/fragments + total pteropods) for the past 1 Myr recorded in the core of Site U1467 as a function of time with MIS. The results are compared with the (e)

LDX and average shell size of L. inflata from (f) ODP Hole 716B (Wall-Palmer et al., 2013). Shaded portions mark intense dissolution during MBDI. (The vertical solid

line indicates the average value).
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position of oxycline (Almogi-Labin et al., 1991, 1998) or changes in the

water column stratification/ventilation. Variations in the relative

abundance of epipelagic and mesopelagic pteropods were used to

construct fluctuations in the nature of OMZ in the central Red Sea

(Almogi-Labin et al., 1986, 1991), which is related to climatic fluc-

tuations. Similarly, Rai et al. (2008) used pteropod abundance changes

for reconstructing the strength of the OMZ in the northwestern Arabian

Sea. Strong OMZ or highly oxygen-depleted water was common in the

Western Indian Ocean during high surface-water productivity asso-

ciated with monsoon upwelling (Schulte et al., 1999; Sarkar and Gupta,

2009). The dissolved-oxygen content decreases rapidly below 300m

depth and reaches a minimum between 600 and 1200m depth (Sarkar

and Gupta, 2009). A more intense and vertically more extended OMZ

would favor the increase of epipelagic, mixed layer inhabitant pteropod

in the fossil assemblage. During the past 1200 kyr, mesopelagic pter-

opods were dominant in the glacial stages while the epipelagic forms

were mostly associated with interglacial stages which indicate stratifi-

cation during warm periods and well-aerated intermediate water, re-

lated to cold climate. The significant periods of enhanced ventilation/

mixing were seen during MIS 14 to 13 transitions, MIS 8, MIS 6 to 5

transition, MIS 3 and 2. These periods are also in phase with higher

production of total pteropods, indicating good ventilation and excessive

regeneration of intermediate-water circulation, which in turn weakened

the OMZ and favored the pteropod preservation. The prominent stra-

tification events are seen during 900 kyr to 600 kyr, MIS 9, late MIS 7,

late MIS 5 and late MIS 2 to early Holocene, where abundances of

epipelagic pteropods dominated over mesopelagic species, which sug-

gests an intensification of the summer monsoon and results in high

productivity, strong OMZ and intensified water column stratification.

The high abundance of mesopelagic taxa during the glacial time in the

Andaman Sea suggested the prevalence of significant ventilation of

deep water due to enhanced deep winter mixing resulted by weaker

OMZ and deepening of ACD (Sijinkumar et al., 2010). The high abun-

dances of mesopelagic pteropods over epipelagic species along with

better preservation during glacial periods suggest weakened summer

monsoon.

5.3. Mode of pteropod preservation, oceanic carbonate saturation, and

climate-induced dissolution events

Past variations in deep ocean chemistry were interpreted by

studying in-life pteropod dissolution from sediments retrieved well

Fig. 6. A comprehensive record of the available Pleistocene pteropods abundances vs. atmospheric CO2 and monsoon productivity proxies from the Indian Ocean

with respect to MIS and age. (a) total pteropod abundance per gram in sediments from Site U1467, (b) pteropod% in ODP Hole 716B (Cullen and Droxler, 1990), (c)

pteropod ratio in ODP Site 716B (Droxler et al., 1990), (d) pteropod (%) in ODP Hole 716A (Sarkar and Gupta, 2009), (e) atmospheric CO2 (ppmv) from Dome C ice

core (Lüthi et al., 2008), (f) percent of organic carbon from ODP Site 723A (Emeis et al., 1995) and (g) Total organic carbon (%) from Leg 117 Site 722B (Murray and

Prell, 1991).
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above the aragonite lysocline (Wall-Palmer et al., 2013). Whereas, post-

depositional dissolution of the pteropod shells can be studied from se-

diments recovered close to or below aragonite lysocline. The core of

Site U1467 was retrieved well above the present-day aragonite lyso-

cline (Fig. 1) and provided a good opportunity to study both pteropod

in-life dissolution and the changes in aragonite lysocline associated

with changes in ocean chemistry. The increase in fragmentation, de-

crease in absolute abundance, and progressive modification of pteropod

assemblages with depth is accompanied by a decrease in aragonite

content. The complete wipeout of pteropods beyond 1.5 Myr involves

all the species in the assemblage irrespective of any preferential dis-

solution due to the post-depositional changes as described in Section

5.1. Within the preserved record, the dissolution proxies, such as

pteropods fragmentation ratio and average shell size of L. inflata, all

point toward better preservation during the glacial stages (MIS 16, 14,

8, 6, 4, 3 and 2) with the exceptions to MIS 12 and 10 during MBDI.

Previous studies have shown that reduced availability of calcium car-

bonate in water leads to reduced calcification rate, which can be de-

duced from the condensed linear extension of shells at apertural margin

resulting in the production of small shells (Comeau et al., 2012; Wall-

Palmer et al., 2013).

The published laboratory studies on pteropods also show reduced

calcification rates and enhanced in-life shell dissolution with decreasing

carbonate saturation (Orr et al., 2005; Fabry et al., 2008; Lischka et al.,

2011; Comeau et al., 2012; Bednaršek et al., 2012). Examination of

multiple dissolution proxies in this study has shown that in-life dis-

solution is the dominant process modifying the characteristics of size

factor of sediments as indicated by the downcore variation in the size of

L. inflata. The state of preservation of aragonitic pteropods at Site

U1467 over the last 1 Myr ranging from good to moderate (i.e., Stage

2–3), moderate to poor (Stage 3–4) and very poor preservation

(Stage>4) at few time periods indicates climate-induced changes in

oceanic carbonate saturation, fluctuations in aragonite compensation

depth and global dissolution events (Almogi-Labin et al., 1986, 1991;

Wall-Palmer et al., 2013).

Enhanced atmospheric CO2 levels can lead to ocean acidification

and the resultant reduced availability of carbonate ions are likely to

make waters under-saturated with respect to aragonite affecting the

pteropod calcification with weaker shells and damaged outer layers of

aragonite (Bednaršek et al., 2012b; Comeau et al., 2012). Very few

studies have presented the downcore abundance/preservation record of

pteropod fossils from the Indian Ocean for a longer time scale (Cullen

and Droxler, 1990; Droxler et al., 1990; Wall-Palmer et al., 2013).

Hence the relationship between atmospheric CO2 and pteropod

Fig. 7. Comparison of carbonate dissolution proxies from the present study with the available records of foraminifera fragmentation indices. (a) fragmentation ratio

(Total fragments/Total fragments + total pteropods) recorded in the core of Site U1467, (b) LDX of Site U1467 (c) Foraminiferal fragmentation ration of ODP Site

728A (Rai and Das, 2011), (d) Foraminifera preservation index of the Core MD900963 (Bassinot et al., 1994), (e) FRAG (Foraminiferal Fragmentation Index) of Site

722 (Kawagata et al., 2006) and (f) foraminifera Fragmentation ratio of ODP Site 716B (Cullen and Droxler, 1990).

E. Sreevidya, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 534 (2019) 109313

9



preservation on a longer time scale is virtually unknown. The com-

parison with the recent study using L. inflata shell size and LDX has

shown that the significant variations in in-life shell dissolution and

calcification rate are driven by variations in the surface water carbonate

concentration (Wall-Palmer et al., 2013). LDX is considered to be an

efficient tool to understand the subtle changes in aragonite preservation

(Gerhardt and Henrich, 2001; Klöcker et al., 2006), and this proxy is

suitable for Site U1467 because of the occurrence of different types

(transparent and opaque) of L. inflata. The state of preservation of

pteropods, displaying distinct variation throughout the core length and

the preservation records of the Indian Ocean are in good agreement

with other records from the previous studies (Fig. 5). Wall-Palmer et al.

(2013) have effectively used fossil pteropod proxies by comparing

Vostok atmospheric CO2 record as the proxies for surface ocean car-

bonate concentration, calcification rate, and surface ocean carbonate

concentration. This was based on the assumption that the surface water

dissolved CO2 content is in equilibrium with atmospheric CO2 con-

centrations, which directly affect the surface water carbonate satura-

tion (Wall-Palmer et al., 2013). The average shell size of L. inflata, LDX,

and fragmentation ratio in U1467 record show that the in-life dissolu-

tion of pteropods shell is more frequent during interglacial periods than

glacial periods, which are the periods corresponding to low atmo-

spheric CO2 concentrations (Fig. 6). The average shell size of the L.

inflata is higher during the periods of low atmospheric CO2 con-

centrations and the resulting high surface water carbonate saturation,

indicating very poor in-life dissolution. These findings corroborate with

the results from the Caribbean Sea and the Maldives, Indian Ocean

cores (Wall-Palmer et al., 2013). The glacial periods such as MIS 16, 14,

6, 4 and 2 are characterized by the presence of larger L. inflata shells

and low LDX values suggesting better calcification in the aragonite-

saturated water column. These glacial periods were coinciding with low

CO2 concentration in the atmosphere as well as very low monsoon

productivity (Fig. 6). The good correlation of reduced atmospheric CO2

concentration and larger average L. inflata shell size indicates that the

in-life shell dissolution of L. inflata is directly related to atmospheric

CO2 levels (Wall-Palmer et al., 2013).

There are several late Quaternary records of carbonate preservation

based on foraminifera dissolution proxies (Peterson and Prell, 1985a,

1985b; Cullen and Droxler, 1990; Murray and Prell, 1991, Bassinot

et al., 1994; Kawagata et al., 2006; Rai and Das, 2011), whereas there

are very limited number of records based on pteropods proxies (Fig. 7).

The pteropod preservation records are complementing the findings of

dissolution events reconstructed on the basis of foraminifera carbonate

dissolution proxies. Besides these, pteropods proxies like LDX and the

variation in the shell size of L. inflata provide precise information on

past oceanic carbonate saturation. Pteropods dissolution proxies such as

pteropods fragmentation ratio and average shell size of L. inflata show

better preservation during glacial stages (MIS 16, 14, 8, 6, 4, 3 and 2

and dissolution event during MIS 11, 12, and 13 (MBDI) which is

showing good correlation with foraminifera dissolution proxies (Fig. 7).

Typically, smaller shells, higher LDX values (2.5 to 3) and high frag-

mentation ratio occurred from 520 kyr to 380 kyr (MIS 13 to 11) are

coinciding with MBDI. Similar long intervals of poor pteropod pre-

servation also observed in deeper water cores from Ninety-east Ridge

(Peterson and Prell, 1985b), Maldives (Droxler et al., 1983, 1990;

Cullen and Droxler, 1990) and the carbonate preservation pattern ap-

pear to be offset from the δ18O glacial/interglacial records. Preservation

maxima occur at glacial-to-interglacial transitions, whereas dissolution

maxima occur at interglacial-to-glacial transitions (Figs. 5 and 7). This

particular pattern has been suggested to be global in several studies

(e.g., Crowley, 1983, [CSL STYLE ERROR: reference with no printed

form.], [CSL STYLE ERROR: reference with no printed form.]). The data

set of Peterson and Prell (1985a, 1985b) also shows evidence of the

existence of a longer cycle of poor carbonate preservation during the

MBDI between 300 and 600 kyr. This supercycle is also well developed

in the carbonate records of the equatorial Pacific Ocean, where a poor

carbonate interval occurred between 200 and 500 kyr (Hays et al.,

1969; Adelseck and Anderson, 1978; Moore Jr et al., 1982; Vincent and

Berger, 1985; Farrell and Prell, 1987, 1989), North Atlantic Ocean,

where aragonite lows clearly define the 200 to 450 kyr interval

(Crowley, 1985), periplatform sites of the Maldives and the Bahamas, as

well as by an increase in pteropod fragmentation in the shallow sites

(500–700m). This trend is even more evident in the Bahamas where the

aragonite disappeared during the late Pliocene. But the aragonite values

reached very high during the early Pliocene and late Pleistocene. MBDI

represents a major perturbation to the global ocean carbon system (see

Barker et al., 2006) and resulted in under-saturation of carbonate in

seawater. It is considered as a prominent carbonate dissolution episode.

Flores et al. (2003) noted the correspondence between high CaCO3 and

the increased abundance of coccolith Gephyrocapsa, contemporaneous

with enhanced dissolution during the Mid-Brunhes in ODP Site 1089.

Significant changes in the coccolithophore assemblages and reduced

diversity were also reported from the Central Indian Ocean Basin during

MBDI (Nath et al., 2013). All pteropod abundance drops to extremely

low numbers during MBDI. Late MIS 5 (112 to 98 kyr) has also shown

intense in-life carbonate dissolution marked by smaller L. inflata shells

and high LDX stages. The co-occurrence of carbonate dissolution events

in the Red Sea and the Indian Ocean, with no direct deep-water con-

nection between the two basins, make changes in deep water circula-

tion as the primary cause of these widespread deep-water dissolution

events unlikely (Bassinot et al., 1994; Almogi-Labin et al., 1998).

Other possible factor controlling pteropod preservation may be the

productivity changes, due to change in monsoon intensity in this region

(See Singh and Rajarama, 1997; Singh, 1998). High abundance and

good preservation of pteropods during the glacials are associated with

lower abundance of Globigerinabulloides, suggesting that pteropod pre-

servation is strongly influenced by the strength of summer monsoon in

the Indian Ocean (Sijinkumar et al., 2010). Upwelling and resulting

high productivity greatly affect the accumulation of aragonite in sedi-

ments, particularly pteropod shells, owing to their vulnerability to

dissolution. High preservation probably represents a period of low

productivity and well mixed intermediate-water. The low organic

carbon values were seen during glacial periods, which correlated with

better preservation of pteropods (Fig. 6). Monsoon-induced pro-

ductivity changes can lead to strong OMZ (Von Rad et al., 1999).

Aragonite preservation seems to be also controlled by the intensity of

the OMZ, being extremely weak during glacial periods of the reduced

summer monsoon. In the Indian Ocean, OMZ depth is demarcated be-

tween 150 and 1200m (Reichart et al., 2002; Sarkar and Gupta, 2009).

The core locations being collected within the OMZ depth, the surface

and deep-water conditions at Site U1467 were coupled during Pleisto-

cene, which suggests pteropod populations were influenced by in situ

changes in food availability and oxygen levels. The upwelling regions

which are characterized by high biological productivity affect the

preservation of sedimentary carbonates, particularly pteropods owing

to their vulnerability to dissolution. Globally upwelling regions are

characterized by poor pteropod preservation (Berger, 1978; Ganssen

and Lutze, 1982; Gerhardt and Henrich, 2001), which is attributed to

the high concentration of dissolved inorganic carbon (DIC), resulting

from high input and demineralization of organic matter, lowering the

pH (Millero et al., 1998). Supralysoclinal or biologically mediated

carbonate dissolution through the decomposition of organic matter

within the sediments lowers pore-water pH (Milliman et al., 1999). The

good correlation of poor preservation of pteropods with organic carbon

record (Fig. 6) and high abundances of epipelagic species over meso-

pelagic (Fig. 4) suggests significantly stronger monsoon during 900 kyr

to 600 kyr, MIS 9, MIS 7, late MIS 5 and late MIS 2 to early Holocene.

6. Conclusions

IODP Site U1467 (together with U1468) provides a long carbonate

preservation record from the Indian Ocean which witnessed pteropod
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abundance/preservation over the past 1.2 Myr, which is consistent with

the presence of aragonite content in sediments. The aragonite content

generally correlates well with total pteropod abundance estimated.

However, the aragonite is re-precipitated as calcite at depth, at the

expense of pteropod dissolution, which is apparent from increasing

Sr2+ ion in the pore-water. Relatively, a high abundance of mesopelagic

pteropods over epipelagic forms during certain periods can be ex-

plained by the well-aerated intermediate mixed layer with weak OMZ.

The mesopelagic to epipelagic pteropod ratio also shows periods of

enhanced ventilation/mixing during MIS 14 to 13 transition, MIS 8,

MIS 6 to 5 transition, MIS 3 and 2. The prominent water column stra-

tification events due to the intensification of summer monsoon are seen

during 900 kyr to 600 kyr, MIS 9, MIS 7, late MIS 5 and late MIS 2 to

early Holocene where abundances of epipelagic pteropods dominated

over mesopelagic species.

The Mid-Brunhes Dissolution Interval (MBDI) is characterized by

poor aragonite preservation clearly defined by the lower preservation of

pteropod shells during MIS 11 and 13 and then increases further

downcore. The proxies for in-life pteropod shell dissolution indicate a

significant calcification in the glacial periods (MIS 16, 14, 6, 4 and 2)

and there is no sign of dissolution under aragonite-saturated water

column. The glacial periods mark the reduced atmospheric

CO2concentration and low monsoon productivity. The good correlation

of reduced atmospheric CO2 concentration and larger average L. inflata

shell size indicates that the in-life shell dissolution of L. inflata is di-

rectly related to atmospheric CO2 levels, which corroborate the earlier

findings from the Indian Ocean (ODP 115 Hole 716B) and the

Caribbean sites. However, these results demonstrate that the ability to

calcify and maintain shells of late Pleistocene pteropods were severely

affected by the surface water carbonate chemistry and these findings

are significant in the present scenario of increased dissolution of ara-

gonite pteropod shells owing to the anthropogenic input of CO2.
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