
1.  Introduction
The formation and dissolution of biogenic calcium carbonate (CaCO3) plays an important role in the natu-
ral pH buffering capacity of the world's oceans. When forming CaCO3 shells (tests), planktic foraminifera 
sequester atmospheric CO2 by transferring both alkalinity and dissolved inorganic carbon (DIC) from the 
surface to the deep ocean, where it can remain for thousands of years. Primary production constitutes 
the other contribution of the biological pump to the carbon buffering system. In situ respiration in the 
deep ocean increases CO2 content and subsequently increases the acidity of the deep ocean. This initiates a 
feedback mechanism in which dissolution of CaCO3 shells on the seafloor releases alkalinity and buffers a 
portion of the additional CO2. Since industrialization, oceanic uptake of anthropogenic CO2 has resulted in 
a 26% increase in the acidity of surface ocean waters (IPCC, 2014) increasing our imperative to understand 
changes to the interactions of ocean CO2 content and the components of the biological pump. Understand-
ing and predicting the impacts of present and future ocean acidification requires a better understanding 
of past ocean-atmosphere CO2 exchange which can be achieved through reconstructions of past surface 
carbonate saturation and pCO2.

Morphometric proxies of shell thickness and calcification intensity have the potential as an analytically sim-
ple proxy for reconstructing surface ocean carbonate saturation, with the benefit of small sample require-
ments and the ability to re-use the analyzed foraminifera for geochemical analyses. Morphometric-based 
proxies exploit the link between surface ocean carbonate chemistry and rates of planktic foraminifera calci-
fication that has been observed in plankton tows, sediment trap samples (Beer et al., 2010; Moy et al., 2009; 
Osborne et al., 2016; Weinkauf et al., 2016) and culture experiments (Davis et al., 2017). Nonetheless, there 
remains some uncertainty as to whether this signal is preserved in fossil planktic foraminifera shells in 
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sediment cores because of concerns about processes such as calcite dissolution and the formation of authi-
genic crusts overprint the primary surface ocean signature with a secondary deep-ocean signature (Broeck-
er & Clark, 2001; Qin et al., 2017).

As foraminifera grow, they add calcite and increase mass (Figure 1). Calcification rates during the life of the 
foraminifera have been shown to be influenced by surface ocean carbonate saturation with thinner, lighter 
shells found in waters undersaturated in carbonate ion (Barker & Elderfield, 2002; Bijma et al., 2002; de 
Moel et al., 2009; Marshall et al., 2013; Moy et al., 2009; Osborne et al., 2016, 2020; Weinkauf et al., 2016). 
After a planktic foraminifera dies, shell mass and chemistry can be altered by a variety of diagenetic pro-
cesses such as (a) dissolution of original calcite (Bé et al., 1975; Berger, 1970; Brown & Elderfield, 1996), 
(b) pore fluid precipitation of geochemically distinct material as an encrustation or overgrowth on interior 
or exterior of shells walls (Branson et al., 2015; Detlef et al., 2020; Edgar et al., 2015; Metcalfe, 2013; Millo 
et al., 2005; Pena et al., 2005; Reimers et al., 1996; Sexton et al., 2006; Wycech et al., 2016), and (c) recrys-
tallization (or neomorphism) of the original shell wall with new calcite formed in-situ (Edgar et al., 2015; 
Gibson et al., 2016; Lorens et al., 1977; Pearson & Burgess, 2008). These processes can increase or decrease 
shell mass. Partial dissolution of shell calcite bathed in waters undersaturated with respect to carbonate 
ion can decrease shell mass while having only a minor effect on shell size, up to the point that dissolution 
is extensive enough to result in the shell fragmentating and breaking into pieces (Bé et  al.,  1975; Berg-
er, 1970; Brown & Elderfield, 1996; Lohmann, 1995; Savin & Douglas, 1973). Conversely, partial dissolution 
with subsequent recrystallization and/or crust formation can result in an increase in shell mass due to 
replacement of dissolved calcite with new additional calcite formed in-situ (Pearson et al., 2001; Schiebel 
et al., 2007; Sexton et al., 2006). Because recrystallization of biogenic calcite can occur at the nanoscale, new 
calcite may be nearly indistinguishable from the original shell material (Sexton et al., 2006).

The relationship between size and mass that has been established for “pristine” foraminifera collected in 
sediment traps can be compared with sedimentary foraminiferal shells to monitor changes in the relation-
ship between size and mass that can be associated with dissolution, encrustation, or recrystallization of 
shell calcite. We expect an encrusted or recrystallized shell to be thicker and heavier than expected for a 
pristine shell of similar size. Likewise, a shell that has experienced only dissolution should be thinner and 
lighter than expected for a pristine shell of similar size. Here, we utilize the area density proxy (ρA; Marshall 
et al., 2013) of foraminiferal calcification to evaluate shell thicknesses and masses in a suite of sediment 
cores collected from the southern Indian Ocean. The area density calculation investigates size-independent 
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Figure 1.  As foraminifera grow, they add chambers and increase in both size and mass. Processes like enhanced 
calcification, recrystallization, encrustation, and the formation of secondary calcite can increase shell mass while 
dissolution and decreased calcification can decrease shell mass, both with small to negligible changes to shell size. Area 
density can normalize shell mass for size without confining shells to a narrow size range. A shell lighter than expected 
for a given size will have a low area density value. Likewise, a shell heavier than expected for a given size will have a 
high area density value.
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calcification influences while retaining information on the individual 
variability within a population. We also evaluate the influence of diagen-
esis on G. bulloides area density values with the aim of understanding the 
utility and limits of the area density carbonate ion paleo-proxy.

2.  Materials and Methods
2.1.  Sites and Samples

We utilize a series of multi-cores (MCs) collected by the Research Vessel 
Thomas G. Thompson in late-2018 (TT1811) during the Coring to Recon-
struct Oxygen and Carbon Dioxide Across 2 Seas (CROCCA-2S) cruise 
to the Southern Indian Ocean. The TT1811 MCs span water depths from 
1,796 to 3,825 m, latitudes from 32.260 to 42.481°S, and longitudes from 
77.129 to 85.942°E (Table 1), capturing the southeastern quadrant of the 
Indian Ocean (Figure 2). The range of core depths allows us to investigate 
the influence of progressive diagenesis on foraminifera shell weight and 
thickness records as deep-water carbonate ion saturation decreases.

We measured area density values for Globigerina bulloides, a planktic 
foraminifera species abundant in subpolar and transitional zones, low 
latitude upwelling systems, and subtropical zones (Bé, 1977; Bé & Tolder-

lund, 1971; Darling et al., 2000; Kretschmer et al., 2018; Peeters & Brummer, 2002; Sautter & Thunell, 1991). 
As G. bulloides does not form symbiotic relationships with photosynthetic algae, its distribution is partially 
driven by food availability (Field, 2004; Iwasaki et al., 2017; Kretschmer et al., 2018; Kuroyanagi & Kawaha-
ta, 2004; Mortyn & Charles, 2003; Ortiz et al., 1995; Peeters & Brummer, 2002; Wilke et al., 2009) and varies 
seasonally with changes in upwelling and shifts in the deep chlorophyll maximum (Kretschmer et al., 2018; 
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Location Core name
Latitude 

(°S)
Longitude 

(°E)
Depth 

(m)

Southeast Indian Ridge TT1811-31MC −42.481 80.590 2,981

Southeast Indian Ridge TT1811-32MC −41.717 80.161 3,174

Southeast Indian Ridge TT1811-36MC −40.745 79.928 3,035

Southeast Indian Ridge TT1811-38MC −40.156 79.055 2,845

Île Amsterdam TT1811-40MC −39.663 78.775 2,954

Île Amsterdam TT1811-43MC −38.150 79.105 1,796

Île Amsterdam TT1811-45MC −38.475 78.745 2,034

Île Amsterdam TT1811-60MC −38.301 77.424 1,930

Île Amsterdam TT1811-65MC −38.339 77.129 2,568

90°E ridge TT1811-74MC −34.011 82.352 3,512

90°E ridge TT1811-77MC −32.260 85.942 3,825

Table 1 
Locations and Depths of Southeastern Indian Ocean Multicores (MC) 
Utilized in This Study

Figure 2.  Location and regional hydrography of the multicores used in this study. Regional bathymetric features are labeled, and frontal boundaries are 
indicated by dashed lines. The location of volcanic island Île St. Paul is indicated by a triangle.
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Reynolds & Thunell, 1985; Sautter and Thunell, 1989, 1991; Thunell & Reynolds, 1984) which ranges from 
∼0 to100 m across our study region (Figure 3).

The asymbiotic species G. bulloides deposits minor amounts of secondary calcite (Schiebel et al., 1997; Spero 
& Lea, 1996) during reproduction (gametogenesis) when many planktic foraminifera species deposit an ad-
ditional chamber (i.e., the final sac-like chamber of Trilobatus sacculifer) or a final layer of thickened calcite 
(gametogenic calcite; Hemleben et al., 1989) prior to gamete release. In some species, gametogenic calcite 
comprises a large percentage of total shell calcite (∼28% for T. sacculifer and >80% for Orbulina universa; 
Bé, 1980; Hamilton et al., 2008). Consequently, a population of foraminifera that includes individuals that 
have both completed and not completed gametogenesis could obscure the relationship between shell weight 
proxies and carbonate chemistry. Accordingly, our choice of size fraction is based on plankton tow data 
suggesting that close to 100% of G. bulloides larger than ∼150 µm have completed gametogenesis (Schiebel 
et al., 1997).

2.2.  Hydrographic Measurements

Seawater samples were collected from multiple depths at each CROCCA-2S water sampling station using a 
SeaBird CTD with a Nisken bottle Rosette. Total phosphate was measured in the Rutgers Nutrient Analysis 
Laboratory. Seawater pH was measured at sea using a HACH multimeter in 50 mL subsamples within 1 h of 
collection. The multimeter was calibrated each day with a three-point calibration curve (pHNBS = 4, 7, 10). 
Seawater DIC was measured at the University of Florida using a UIC (Coulometrics) 5017 CO2 coulometer 
coupled with an AutoMate automated carbonate preparation device (AutoMateFX.com). Five mL of sam-
ple was weighed into septum top tubes and placed into the AutoMate carousel. 10% Phosphoric acid and 
CO2-free nitrogen carrier gas was then injected into the sample vial through a double needle assembly and 
evolved CO2 was carried through a silver nitrate scrubber to the coulometer where total C was measured.

Seawater carbon speciation was calculated from pHNBS and DIC using the seacarb package (Lavigne 
et al., 2011) in R. The K1 and K2 constants from Lueker et al.  (2000) were used except for samples with 
temperatures below 2°C, in which case the K1 and K2 constants from Waters et al. (2014) were used. The Kf 
from Perez and Fraga (1987) was used for samples with temperatures above 9°C and the Kf from Dickson 
and Riley (1979) was used for samples with temperatures below 9°C. The Ks from Dickson (1990) was used 
for all samples.
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Figure 3.  Temperature and phosphate were measured from bottle data and carbonate ion was estimated from pH 
and dissolved inorganic carbon measurements. The utilized multicores were bathed in waters close to or below calcite 
saturation, with the two deepest cores (74  and 77 MC) collected from the most undersaturated waters recorded in this 
study.

http://AutoMateFX.com
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2.3. Area Density and Area Normalized Shell Weights

To obtain information about intra-sample variability, we estimated individual G. bulloides area density val-
ues (ρA; Marshall et al., 2013), where A refers to silhouette area, Aif refers to individual foraminifera silhou-
ette area, and Mif refers to individual foraminifera mass (Equation 1). Individual area density values were 
then averaged for each MC core top sample.

if ifρA M / Aif (1)

G. bulloides shells (n  =  39–64 per sample) were selected from the >250  µm size fraction and photo-
graphed umbilical side up using a binocular microscope fitted with an AmScope MU1000 camera with a 
1.67 × 1.67 µm pixel resolution. Imaged shell silhouette areas and Ferret diameters were analyzed using the 
open-source image processing program ImageJ with the processing package Fiji (Schindelin et al., 2012). 
Images were calibrated using a 1 mm micro-scale photographed at the same magnification as the foraminif-
era shells. Individual foraminifera were weighed using a Mettler Toledo XPR2 analytical balance (±0.8 µg). 
The reproducibility and error of the balance was monitored through repeat measurements (5–10x) of in-
dividual foraminifera throughout each weighing session, re-zeroing between each measurement and pre-
viously measured sample masses were spot-checked to confirm masses were reproducible from day-to-day 
ensuring balance reproducibility was consistent across the range of foraminifera masses included in this 
study (Figure S1). Samples were not treated chemically as several studies have noted negligible impacts of 
pre-treatment on shell weights aside from both positive and negative deviations in mass associated with the 
inclusion of a sodium hexametaphosphate (CalgonⓇ) soak (Marshall et al., 2013; Metcalfe, 2013).

After individual foraminifera were photographed and weighed, ∼2–5 G. bulloides were selected from each 
core top sample for Scanning Electron Microscope (SEM) imaging to assess shell preservation through ex-
amination of shell ultrastructure at 700–1,300 magnification on a Zeiss EVO 60 variable pressure SEM at 
the American Museum of Natural History. In preparation for SEM imaging, G. bulloides were gently broken 
to expose cross sections through the ultimate and penultimate shell chamber walls, mounted on carbon 
tape, and gold sputter-coated.

Dissolution was assessed following Dittert and Henrich (2000) through examination of shell ultrastructure 
at. G. bulloides were considered very well-preserved if they had distinct spine bases, ridges, and pores with 
no signs of etching to the interpore area or shell wall (Figure S2). Moderately well-preserved G. bulloides 
showed only minor erosion to spine bases, ridges, and pores with some minor signs of etching to the inter-
pore area. G. bulloides were considered poorly preserved when signs of moderate to major erosion of spine 
bases, ridges, and pores were observed, or there were signs of hair-cracks and/or peeled calcite layers. Addi-
tionally, G. bulloides were assessed for more advanced stages of dissolution in which shells were monitored 
for cracks and holes in the shell wall, interconnected pores, completely eroded spine bases and ridges, and/
or missing calcite layers. Stained or broken shells were excluded from our analyses.

3. Results
Dissolution indices from core top-studies suggest that the lysocline in the eastern tropical Indian Ocean is 
located close to 3,800 m water depth (Peterson & Prell, 1985), but dissolution is suspected to occur shallower 
in the water column (Regenberg et al., 2014; Schiebel et al., 2007). Estimates of deep ocean carbonate ion 
concentration ([CO3

2−]) suggest saturation values that lie close to and slightly below calcite saturation over 
an extended depth range spanning nearly 2,000 m (From ∼1,200 to 3,000 m) in the Southeastern Indian 
Ocean (Figure 3). All of the multicores included in this study were collected from depths close to or below 
carbonate saturation with only the two deepest cores within undersaturated bottom waters (74  and 77 MC).

The 767 individual G. bulloides weighed and photographed from the TT1811 multicores ranged in mass 
from ∼1.9 to 72 µg (x = 11.2 ± 5.9 ug) with Feret diameters (longest axis) ranging from ∼300 to 625 µm  
(x = 380.7 µm; Figure 4). Relative to published area density values from the Santa Barbara Basin (SBB; Os-
borne et al., 2016) sediment trap time series, core-top G. bulloides shells are generally heavier than expected 
for a given area (Figure 4a). Shell silhouette area and diameter are highly correlated, indicating that both 
metrics should be effective for normalizing weights (Figure 4b). Excluding outliers (ρA > 0.205 µg/µm2), 
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the multicore area density values were normally distributed (Shapiro-Wilk test, W = 0.09951, p = 0.06427; 
Figure 5).

Individual G. bulloides were classified into four thickness categories according to measured area density val-
ues (Figure 5); very thick (>0.160 × 104 µg/µm2), thick (0.122 × 104–0.160 × 104 µg/µm2), thin (0.087 × 104–
0.122 × 104 µg/µm2), and very thin (<0.087 × 104 µg/µm2). SEM examination of outlier specimens often 
included crystalline surface textures or signs of moderate to high levels of post-depositional dissolution, 
such as pitted and coarse wall texture, eroded spine bases and ridges, formation of cracks, and even peeled 
calcite layers as described using the metrics of Dittert and Henrich (2000). Evidence of moderate to high 
dissolution was observed in G. bulloides with area density values as low as 0.122 × 104 µg/µm2, with both 
thick and very thick shells observed at various stages of dissolution (Figure 6). SEM imaged thin and very 
thin shells were well preserved with evidence of only minor erosion to spine bases, ridges, and pores (Fig-
ure 6). Under reflected light, the thick and very thick shells were generally opaque (“frosty”) in appearance, 
whereas the thin and very thin shells were fully or partially translucent (“glassy”).

Published area density values from the SBB (Osborne et al., 2016) sediment trap time series were used to 
define the boundary between very thin and thin shells in this study. The SBB time series represents a pop-
ulation of pristine individuals from a region dominated by a single G. bulloides genotype (type IId) with 
minor influences from a secondary, more thickly calcified G. bulloides genotype (type IIa) during upwelling 
periods (Darling et al., 2003). At present, genetic studies have identified 18 distinct genotypes within the G. 
bulloides morphospecies (Darling et al., 2017). These species fall within two distinct groups of genotypes 
showing ecologically driven distributions, with four warm water cluster genotypes (Type I) found in sub-
tropical and tropical zones and seven cool water cluster genotypes found in cooler subpolar and transitional 
zones (Type II; Darling & Wade, 2008; Darling et al., 2017). Two of the G. bulloides genotypes have been 
identified in the Arabian Sea (IIf + Ia; Darling et al., 2017; Sadekov et al., 2016) and four have been iden-
tified in the southern Indian Ocean (IIb, IIa, IIc, IIg; Morard et al., 2013). Our warmer core sites are likely 
dominated by Type IIb, however Type IIa may become more prevalent at the cooler, more southerly sites 
with small amounts of Type IIc present at the most southerly sites (Morard et al., 2013).
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Figure 4.  Individual shell mass, silhouette area, and Feret diameter measurements describing the morphometric 
characteristics of G. bulloides in the southern Indian Ocean multicore core tops and the Santa Barbara Basin (SBB) 
sediment trap time series. (a) Southern Indian Ocean mass and silhouette area are moderately well correlated 
(R2 = 0.63; solid line) with generally heavier shells than predicted by the SBB sediment trap mass-area relationship 
(R2 = 0.65; dotted line). (b) Southern Indian Ocean G. bulloides silhouette areas and Feret diameter are well correlated 
(R2 = 0.93), with increased Feret diameter variability among shells with larger silhouette areas (>160,000 µm2). The 
mass-area relationship for both core-top and sediment trap G. bulloides shows a power distribution (R2 = 0.98) with 
smaller changes in silhouette area for shells with small diameters relative to larger diameter shells.
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The 90th percentile value of area density estimated from the SBB time series (0.087 × 104 µg/µm2) was used 
to define the boundary between very thin and thin G. bulloides. Although the dominant G. bulloides gen-
otype in SBB (type IId) has only been identified in the northeast Pacific and is not expected in the Indian 
Ocean (Morard et al., 2013; Sadekov et al., 2016), several of our Indian Ocean multicore core-tops show a 
bimodal or multimodal distribution with one peak centered at the mean area density value recorded by the 
SBB sediment trap G. bulloides (x = 0.066 × 104 µg/µm2; Figure 7). This was particularly evident in 65  and 
36 MC (Figure 7), for which bootstrap resampling suggests a robust bimodal distribution (Figure S3). The 
sediment trap samples provide a pristine endmember with which we can anchor the core-top values and 
because there is a limit to how thin shells can be, the sediment trap anchor should be robust through time. 
The multicore core-tops with multimodal distributions show peaks roughly divided at the mean value of 
the TT1811 data (0.122 × 104 µg/µm2; Figures 5 and 7) and close to the upper limit of the sediment trap 
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Figure 5. Indian Ocean core top samples document a large range of area density values across a narrow range of 
diameters. A histogram showing the frequency of individual G. bulloides area density values for 0.05 × 104 µg/µm2 bins 
indicates that Indian Ocean core top individuals were primarily classified as thin or thick. In contrast, Santa Barbara 
Basin (SBB) box core (Osborne et al., 2020) and sediment trap samples (Osborne et al., 2016) document a narrow range 
of area density values primarily classified as very thin, with a shift toward slightly higher area density values in the 
SBB box core samples. The sediment trap data defines a “pristine” endmember, thus the 90th percentile of the sediment 
trap distribution was used to define the boundary between thin and very thin shells. The tail of the sediment trap 
distribution corresponds to the 50th percentile of the multicore core-top data which defines the boundary between thin 
and thick shells. The 90th percentile of the multicore core-top data defines the boundary between thick and very thick 
shells. The large “monster” shells comprise a long tail in the distribution of the core-top data and are statistical outliers. 
Dashed lines indicate maximum and/or minimum area density values used for shell thickness classifications.

Figure 6. Scanning Electron Microscope imaging of G. bulloides individuals representing the spread of area density values.
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Figure 7.  Histograms for each multicore core-top show the frequency of G. bulloides area density values across 0.05 × 104 µg/µm2 bins. (a) Individual core-top 
frequency distributions do not show a consistent pattern with increasing latitude. (b) Individual core-top frequency distributions show a shift toward larger area 
density values with increasing core depth. The deepest cores (32, 74, and 77 MC) have few shells classified as very thin and more shells classified as thick or 
very thick relative to the shallowest cores (43, 60, 45, 65 MC) which have few very thick shells and more thin or very thin shells.
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distribution. Consequently, the value 0.122 × 104 µg/µm2 was used to define the division between thin and 
thick G. bulloides. Similar to the SBB time series, the 90th percentile value estimated for the TT1811 cores 
was used to define the boundary between very thick and thick G. bulloides. The largest shells (“monsters”; 
>0.205 × 104 µg/µm2) comprise a long tail in the distribution of core top data and are statistical outliers.

Simple linear regressions of area density with surface ocean (CO3
2−) in our multicores indicate that average 

area density values for thick, thin, and very thin shells are significant to moderately well correlated with sur-
face ocean (CO3

2−) (Table S1). Thin and very thin shells are positively correlated with surface ocean (CO3
2−), 

but, in contrast to both thin and very thin shells along with the results from the SBB sediment trap (Osborne 
et al., 2016), thick shells are negatively correlated with surface ocean (CO3

2−). Simple linear regressions of 
thick, thin, and very thin average area density values with deep ocean (CO3

2−) are not significant (Table S2), 
suggesting that the foraminifera area density values are not documenting deep water properties.

4.  Disentangling Influences on Core-Top Area Density Variability
An increase in G. bulloides area density values could be associated with either an increase in surface water 
carbonate saturation (Davis et al., 2017; Osborne et al., 2016; Weinkauf et al., 2016), a more heavily calcify-
ing cryptic species (Osborne et al., 2016), or sedimentary diagenetic processes such as recrystallization (Ed-
gar et al., 2015; Lorens et al., 1977; Pearson & Burgess, 2008) and/or the formation of encrustations or over-
growths (Branson et al., 2015; Edgar et al., 2015; Metcalfe, 2013; Millo et al., 2005; Pena et al., 2005; Sexton 
et al., 2006; Wycech et al., 2016). Genetically distinct, phenotypically similar, cryptic planktic foraminifera 
species have been suggested to have different calcification rates and depth habitats leading to different area 
density values (Marshall et al., 2015; Osborne et al., 2016). Diagenetically driven shifts to the relationship 
between mass and size after the foraminifera has died (Lohmann, 1995) can also overprint the relationship 
between calcification and surface ocean conditions. The influence of cryptic speciation and diagenesis add a 
complicating factor to interpreting area density values. These opposing controls vary spatially in the Indian 
ocean and can be used to determine their relative influence. Genetic analyses on Southern Indian Ocean 
G. bulloides collected in plankton tows demonstrate increased genetic diversity with increasing latitude 
and decreasing SST (Morard et al., 2013). In contrast, diagenetic influences, like dissolution and authigenic 
crust formation, increase with depth. If G. bulloides area density values are primarily influenced by genetic 
diversity and cryptic speciation, then we would expect shifts in core-top area density values to correlate with 
latitude. If G. bulloides area density values are primarily influenced by diagenetic processes, then we would 
expect correlation with core water depth rather than latitude.

The distribution of individual G. bulloides area density values were assessed with increasing latitude (Fig-
ure 7a) and with increasing water depth for each core site (Figure 7b). The distribution of G. bulloides shows 
neither a progressive shift with latitude nor a stepped shift associated with variation in water mass frontal 
boundaries or cryptic species distributions recorded in the Southern Indian Ocean plankton tows (Morard 
et al., 2013, Figure 7a). In contrast, there is a progressive shift in G. bulloides distribution with water depth 
(Figure 7b). As water depth increases, core-tops contain fewer very thin G. bulloides and more very thick 
G. bulloides. Very thin G. bulloides should be most susceptible to dissolution and no longer be preserved as 
whole shells in the deeper cores collected from more undersaturated waters, consistent with the shift in 
very thin shells distribution we observe in the Indian Ocean core tops (Figure 7b). While our SEM images 
suggest that very thick G. bulloides are indeed impacted by dissolution as defined by the metrics of Dittert 
and Henrich (2000; Figure 6), it is also likely that the thicker shells are more resilient and resistant to frag-
mentation. However, the core-specific G. bulloides distributions suggest that there is not just a loss of very 
thin shells in deeper cores, but the addition of very thick shells not observed as frequently in shallower cores 
(Figure 7b). This suggests that thicker G. bulloides are both more resistant to fragmentation and are also 
precipitating authigenic crusts or experiencing recrystallization, resulting in heavier shells and higher area 
density values than in the shallower core tops (Figure 7b).

Another metric that has been qualitatively used to assess foraminiferal preservation is the relative transpar-
ency of the shell when viewed under reflected light (Sexton et al., 2006). Well-preserved shells appear more 
transparent and “glassy” whereas diagenetically altered shells appear more opaque and “frosty.” Studies of 
shell microstructure and geochemistry of glassy and frosty foraminiferal shells have indicated that frosty 
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shells have diagenetically altered shell walls and different isotopic, radi-
oisotopic, and trace element compositions relative to glassy shells (Edgar 
et al., 2015; Gibson et al., 2016; Metcalfe, 2013; Pearson & Burgess, 2008; 
Sexton et al., 2006; Wycech et al., 2016). Our thin and very thin shells 
were predominantly glassy to partially glassy, whereas the thick and very 
thick shells were generally frosty.

Work here suggests that thin and very thin shells are indicative of gen-
erally well-preserved G. bulloides in a given sample, and thick and very 
thick shells are indicative of a more poorly preserved fraction. The pro-
portion of well-preserved shells (thin + very thin shells) relative to the 
total shells (% well-preserved, %wp) is a way to quantify the shift in dis-
tribution of individual multicore core-tops and to apply a number to the 
visual shifts observed in the histograms. It can also be thought of as a 
way to quantify the proportion of “glassy” versus “frosty” individuals in 
a sample. The %wp calculation relies on the thin/thick threshold, which 
corresponds to the mean area density value of the total multicore core-
top data and the max of the trap data. Because of this definition, the %wp 
corresponds to the percentage of shells that are better preserved than 50% 
of the core-top data and more poorly preserved than the “pristine” trap 
endmember.

The %wp (thin + very thin) from each of the Indian Ocean core-tops was 
well correlated with core depth (R2 = 0.62) and moderately well correlat-
ed with bottom water carbonate saturation (R2 = 0.50; Figure 8), suggest-
ing that the proportion of well-preserved to poorly preserved shells in a 

sample provides a quantifiable measure of dissolution and diagenesis in marine sediment cores. Likewise, 
the proportion of poorly preserved shells (thick + very thick) was moderately well correlated with depth 
(R2 = 0.51) and bottom water carbonate saturation (R2 = 0.39; Figure 8). One can interpret a sample with a 
lower percentage of thin and very thin shells as having been exposed to waters that are more undersaturated 
with respect to carbonate ion resulting in dissolution and fragmentation of those shells. Likewise, a sample 
with a higher percentage of thin and very thin shells has not been sufficiently subjected to undersaturated 
waters to result in dissolution and fragmentation of those shells. With these bounds, the %wp metric has the 
potential as a non-destructive and analytically simple proxy for quantifying variability in the depth of the 
lysocline through time, whereas proxies for lysocline depth, such as %CaCO3, are often limited to suggesting 
only whether the core was generally below or above the CCD.

5.  Core Top Area Density Calibrations
Our results indicate that sample preservation does impact individual G. bulloides area density values and 
the distribution of area density values in a sample, but this does not preclude the use of such samples for 
reconstructing surface ocean conditions. The core-top thin and very thin G. bulloides area densities have a 
similar relationship to surface ocean (CO3

2−) as documented for G. bulloides in SBB sediment trap samples 
(Osborne et al., 2016, Figure 9). However, thick shells show a slight negative correlation with surface ocean 
(CO3

2−) (Figure 9), inconsistent with results from culture, sediment trap, and plankton tow samples (Beer 
et al., 2010; Davis et al., 2017; Moy et al., 2009; Osborne et al., 2016; Weinkauf et al., 2016). An insufficient 
number of very thick shells precluded an assessment of the relationship of very thick shells with surface 
ocean (CO3

2−). Our results suggest very thick shells are characteristic of diagenetic overprinting. Increased 
dissolution features in our SEM images suggest that thicker G. bulloides are not as well preserved (Figure 6). 
Partial dissolution and recrystallization or encrustation of foraminiferal calcite in deep corrosive waters can 
overprint the relationship of shell thickness to surface ocean conditions, accounting for the reversed trends 
in thick G. bulloides. The similar relationships between thin and very thin G. bulloides and surface ocean 
(CO3

2−) in the Indian Ocean to those documented in the SBB sediment traps reinforces that grouping area 
density measurements into a narrow range of values can capture the influences related to genetic diversity 
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Figure 8.  The total of thick and very thick shells relative to the total 
number of shells is moderately well correlated with core depth (R2 = 0.51) 
and weakly correlated with bottom water saturation (R2 = 0.39). The total 
of thin and very thin shells relative to the total number of measured shells 
(%wp) is well correlated with core depth (R2 = 0.62) and moderately well 
correlated with bottom water calcite saturation (R2 = 0.50).
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and shell preservation allowing the well-preserved (thin and very thin) shells to be used in reconstructing 
surface ocean conditions.

More generally, even very thin and thin G. bulloides appear less sensitive to shifts in surface ocean (CO3
2−) 

than the planktic species, G. ruber and T. sacculifer (Henehan et al., 2017; Marshall et al., 2013; Figure 9). 
These species harbor photosynthetic algal symbionts that actively modify the chemistry by increasing the 
pH of the shell microenvironment during photosynthesis promoting daytime calcification (Jørgensen 
et al., 1985; Lombard et al., 2010; Rink et al., 1998; Wolf-Gladrow et al., 1999) and increasing calcification 
rates (Bé et al., 1982). The calcification rate observed for G. bulloides (0.3 ug/day) is one tenth to one third 
G. ruber (1 ug/day) and T. sacculifer (3 ug/day) (Allen et al., 2016). Although G. bulloides show a less sensi-
tive relationship between area density with a given change in surface ocean carbonate ion concentration, 
the lack of symbionts provides a more straightforward relationship with carbonate chemistry that may be 
preferable for paleo-reconstructions.

Glacial-interglacial records of surface ocean (CO3
2−) estimate an increase of ∼60 µmol/kg over the last de-

glaciation (∼18–11 ka ago), using boron isotopes and boron to calcium ratios (Foster, 2008; Yu et al., 2013). 
Our core-top area density calibration for (CO3

2−) predicts that a ∼60 µmol/kg increase would correspond to 
a 0.080 × 104 µg/µm2 decrease in the area density value of very thin shells and a decrease of 0.045 × 104 µg/
µm2 for thin shells relative to Holocene values (Figure 9) highlighting the need to utilize shells minimally 
impacted by diagenesis. Consequently, %wp can be used to assess sediment core suitability for down-core 
area density surface ocean (CO3

2−) reconstructions and to establish the usefulness of a given core or site for 
geochemical studies.

6.  Conclusions
In this study we utilize a collection of Indian Ocean multicore core-tops to assess the influence of diagen-
esis on area density values. Although dissolution and preservation impact planktic area density values, 
we find that can we account for some of these influences and utilize them to provide information about 
past ocean chemistry. Our results suggest that grouping area density measurements in a narrow range can 
reveal influences related to cryptic speciation and shell preservation, up to a maximum area density val-
ue (∼0.122  ×  104  µg/µm2) above which the surface ocean signature is no longer retained. Area density 
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Figure 9.  Area density carbonate ion calibrations for G. bulloides from Indian Ocean core tops and Santa Barbara 
Basin sediment trap (Osborne et al., 2016) and box core sediments from post-2000 CE (Osborne et al., 2020) compared 
with symbiont-bearing planktic foraminifera species G. ruber and T. sacculifer from the Cariaco Basin sediment trap 
(Marshall et al., 2013).
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values were classified as very thick (>0.160 × 104 µg/µm2), thick (0.122 × 104–0.160 × 104 µg/µm2), thin 
(0.087 × 104–0.122 × 104 µg/µm2), and very thin (<0.087 × 104 µg/µm2). Both thin and very thin shells 
appear to retain a surface ocean signature correlating with surface ocean carbonate ion concentrations. 
In contrast, thick G. bulloides shells show an opposite trend, which is likely a result of recrystallization or 
authigenic crust formation.

Analysis of the distribution of area density values provides a method for assessing sample preservation. We 
suggest dissolution and fragmentation decreases the number of very thin shells whereas recrystallization or 
formation of authigenic carbonate crusts results in an increased number of very thick shells. Accordingly, 
an increase in the proportion of very thick to very thin shells indicates reduced preservation. We have devel-
oped a metric; %wp, (percent well preserved) for assessing preservation by quantifying the distribution of 
well-preserved (thin and very thin) shells relative to the total measured shells in a sample. Our %wp metric 
has the potential for use as a proxy for deep ocean carbonate saturation and lysocline variability in addition 
to assessing the suitability of area density samples for surface ocean reconstructions.

Our results highlight the benefits of utilizing the distribution of area density values to reconstruct sed-
imentary preservation and deep ocean lysocline variability along with assessing the area density values 
of well-preserved shells (thin and very thin) to reconstruct surface ocean carbonate variability. This dual 
surface and deep ocean approach has the potential as a proxy for reconstructing oceanic carbon storage. 
The non-destructive nature of the area density proxy means that it can be used to evaluate foraminifera 
preservation before their use for geochemical analyses. Geochemical analyses can then be paired with area 
density estimates of surface ocean carbonate ion and deep ocean dissolution, all from the same individual 
foraminifera, making area density a powerful tool for enhancing our understanding of past ocean chemistry.
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