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Abstract  31 

Planktic foraminiferal-based trace element-calcium ratios (TE/Ca) are a cornerstone in 32 

paleoceanographic reconstructions. While TE-environment calibrations are often established 33 

through culturing experiments, shell growth in culture is not always consistent with growth in a 34 

natural setting. For example, many species of planktic foraminifera thicken their shell at the end 35 

of their life cycle, producing a distinct ‘gametogenic’ crust. Crust is common in fossil 36 

foraminifers, however, shells grown in culture do not often develop a thick crust. Here we 37 

investigate potential vital effects associated with the crusting process by comparing the trace 38 

element (Mg/Ca, Na/Ca, Ba/Ca, Sr/Ca, Mn/Ca, Zn/Ca) and stable isotope (δ13C, δ18O) 39 

composition of alive, fully mature, uncrusted shells to recently deceased, crusted shells of 40 

Neogloboquadrina pachyderma collected from the same plankton tows off the Oregon (USA) 41 

coast. We find that uncrusted (N = 55) shells yield significantly higher Ba/Ca, Na/Ca, Mn/Ca, 42 

and Sr/Ca than crusted (N = 66) shells, and crust calcite records significantly lower TE/Ca values 43 

for all elements examined. Isotopic mixing models suggest that the crust calcite accounts for ~40 44 

to 70% of crusted shell volume. Comparison of foraminiferal and seawater isotopes indicate that 45 

N. pachyderma lives in the upper 90 m of the water column, and that crust formation occurs 46 

slightly deeper than their average living depth habitat. Results highlight the necessity to establish 47 

calibrations from crusted shells, as application of calibrations from TE-enriched uncrusted shells 48 

may yield attenuated or misleading paleoceanographic reconstructions.  49 

 50 

Plain Language Summary  51 

The chemistry of fossil shells of planktic foraminifera, a type of marine zooplankton 52 

found throughout the global surface ocean, are commonly investigated to reconstruct past ocean 53 

and climate conditions. The chemistry of foraminiferal shells has been found to be reflective of 54 

the physical and chemical conditions of the water the shells grew within. However, biological 55 

processes can also affect shell chemistry, which may interfere with the way fossil shell chemistry 56 

is interpreted in past climate reconstructions. Here we investigate how planktic foraminiferal 57 

shell thickening or ’crusting‘, which occurs just after reproduction and just prior to death, could 58 

change the chemistry of a foraminiferal shell. To explore this question, the trace element and 59 

stable isotope shell chemistry was examined in populations of alive, fully mature, uncrusted 60 

specimens and recently deceased, crusted specimens collected from the same surface ocean 61 
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plankton tows. Results show that crusted shells tend to record lower trace element signatures 62 

then uncrusted shells, and investigation of trace element geochemistry within the shell wall 63 

shows that this is due to crusts having lower trace element concentrations. Changes to shell 64 

chemistry associated with crusting will need to be considered when establishing quantitative 65 

relationships between planktic foraminiferal shell chemistry and environmental conditions.  66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

  74 
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1. Introduction 75 

  Evaluation of trace element geochemistry, primarily trace element/Ca (TE/Ca) ratios 76 

such as Mg/Ca, of planktic foraminifera has become a cornerstone of paleoceanographic 77 

reconstructions (Katz et al., 2010; Allen et al., 2016). Although Mg/Ca of foraminifera has been 78 

well-studied as a sea surface temperature proxy (Nürnberg et al., 1996; Lea et al., 1999; Anand et 79 

al., 2003; Russell et al., 2004; Martínez-Botí et al., 2011, Hönisch et al. 2013), advances in 80 

technology and proxy understanding have led to greater investigation and utilization of other 81 

TE/Ca ratios (e.g., Ba/Ca, Mn/Ca, Na/Ca) to evaluate past ocean-climate change (Wit et al., 82 

2013; Mezger et al., 2016; Davis et al., 2020; Watkins et al., 2021; Fritz-Endres et al., 2022). 83 

With the development of any new proxy in biological archives, it is necessary to not only 84 

constrain the primary environmental signal driving geochemical signatures, but also identify 85 

potential interference by vital effects, the biological impacts on shell geochemistry (Niebler et 86 

al., 1999; Schiebel and Hemleben, 2017).  87 

In general, fossil foraminiferal shells are an amalgamation of several stages of biotic, and 88 

in some cases abiotic, calcite growth (Hemleben et al., 1989; Branson et al., 2015). The biotic 89 

calcite stages include primary ‘ontogenetic’ calcite and, in some species, secondary 90 

‘gametogenic’ calcite. Primary calcite is typically porous, exhibits pronounced laminations 91 

separated by organic layers, and for spinose species, acts as a base for spines to be supported 92 

(Branson et al., 2015). Many species of planktic foraminifera used in paleoreconstructions also 93 

add additional biotic calcite during or following reproduction and just prior to death, recognized 94 

as a ‘gametogenic crust’ (Fig. 1). This distinct gametogenic crust has long been identified as a 95 

feature of many planktic foraminiferal species (Bé and Lott, 1964; Bé, 1980; Caron et al. 1990). 96 

Lastly, an additional abiotic crust may be found in some fossil foraminifers that is attributed to 97 

post-depositional diagenetic processes occurring on the seafloor (Branson et al., 2015). 98 

 Advancements in in-situ methodologies, such as laser-ablation inductively coupled 99 

plasma mass spectrometry (LA-ICP-MS), has allowed for greater insight into intrashell TE 100 

variability in foraminiferal shells as a means to investigate potential vital effects and 101 

relationships between different types of foraminiferal calcite (Eggins et al., 2003; Bolton and 102 

Marr, 2013; Steinhardt et al., 2015). LA-ICP-MS profiles from several different planktic 103 

foraminiferal species has shown that the gametogenic crust often yields lower TE/Ca values than 104 

the calcite grown throughout most of the foraminifers’ early life in the surface ocean (i.e., the 105 
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early ontogenetic, or ‘lamellar’, calcite; Table 1). However, differences in TE/Ca between crust 106 

and early ontogenetic calcites are not found in all species nor is there a consistent crust 107 

‘signature’ found within a given species (e.g., Trilobatus sacculifer; Eggins et al., 2003). 108 

Intrashell trace element investigations have focused primarily on Mg/Ca and thus our knowledge 109 

of intrashell variability of other TE/Ca proxies is limited (Table 1).  110 

Similar investigations have delineated differences in isotopic composition between 111 

crusted and uncrusted foraminiferal shells (Vegnaud Grazzini, 1976; Blanc and Bé, 1981; 112 

Schweitzer and Lohmann, 1991; Mulitza et al., 1997; Bauch et al., 2002; Kozdon et al., 2009; 113 

Livsey et al., 2020). In several species, δ18O values of crust calcite have been found to record 114 

higher values than the ontogenetic calcite, suggesting that the addition of gametogenic crust 115 

occurs deeper in the water column relative to the foraminifers living depth habitat (Duplessy et 116 

al., 1981). These isotopic differences have fueled hypotheses, which are still under debate 117 

(Meilland et al., 2021) surrounding reproductive strategies involving depth migration during 118 

gametogenesis (Hemleben et al., 1989; Schiebel and Hemleben, 2017).  119 

Vital effects associated with foraminiferal ontogeny, and related differences in shell 120 

geochemistry, can have prolific consequences in paleoreconstructions if not properly considered. 121 

Many calibrations used to reconstruct past ocean conditions are derived from culturing studies 122 

whereby live foraminifera are collected from the surface ocean and brought back to the lab to be 123 

grown under controlled conditions. While culturing studies strictly constrain environmental 124 

controls on biogeochemical processes, they do not always well-simulate a foraminifer’s natural  125 

habitat, and thus growth in culture is not always consistent with growth in nature. For example, 126 

shells grown in culture do not always develop a thick crust, even after gametogenesis when the 127 

crust is thought to form (Davis et al., 2017; Fehrenbacher et al., 2017). However, fossil 128 

foraminiferal shells used for paleoreconstructions typically display thick gametogenic crusts. 129 

Considering known geochemical differences between the crust and ontogenetic portions of 130 

crusted shells, it is possible that applying calibrations developed in the laboratory using non-131 

crusted shells to crusted-shell fossil specimens may result in misleading paleoceanographic 132 

reconstructions. Here we further investigate this potential complication by comparing the trace 133 

element (Mg, Na, Ba, Sr, Mn, Zn) and stable isotope (δ13C, δ18O) composition of alive, fully 134 

mature, uncrusted (pregametogenic) shells to recently deceased, crusted shells of 135 

Neogloboquadrina pachyderma collected from the same discrete plankton tows. Because shells 136 
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were collected from the surface ocean, the “crusted” shells mentioned henceforth refer to shells 137 

composed of primary ontogenetic calcite and gametogenic crust, and do not include additional 138 

secondary diagenetic crust. Intrashell trace element variability is also examined in order to 139 

characterize geochemical differences between the crusted and ontogenetic portions of the shell 140 

wall. Lastly, stable isotope compositions of alive, uncrusted and dead, crusted populations are 141 

compared to stable isotope profiles of the water column measured from the same plankton tow 142 

collection sites to make inferences about where crusting occurs in the water column. By 143 

evaluating a species critical to paleoreconstructions at high latitudes, we aim to characterize the 144 

extent of geochemical differences between crusted and uncrusted shells, expand the analytes of 145 

interest beyond Mg/Ca (the focus of most studies– see Table 1), and explore the implications of 146 

such differences for paleoreconstruction.  147 

 148 

2. Materials and Methods 149 

2.1 Sampling 150 

Neogloboquadrina pachyderma were collected from two stations along the Newport 151 

Hydrographic (NH) Line off the Oregon coast: NH85 (44.652oN, 126.050oW) and NH45 152 

(44.652oN, 125.117oW) in May 2022 (Fig. 2). N. pachyderma are an asymbiotic, non-spinose 153 

taxon found abundantly in the study region when cooler waters are present (Ortiz and Mix, 1992; 154 

Takagi et al., 2019; Lane et al., 2023), and they serve as an  important species to reconstruct 155 

polar to subpolar paleoceanographic conditions. A 150 μm plankton tow net was used to sample 156 

the uppermost 200 m of the water column, sampled as two continuous tows from 200 m depth to 157 

the surface. While N. pachyderma have been found at greater depth habitats in other regions (i.e., 158 

Greco et al., 2019), the sampling was constrained to the upper 200 m of the water column to 159 

ensure that we were sampling populations calcifying from the same water depth and that 160 

geochemical differences between alive, uncrusted and dead, crusted could be directly attributed 161 

to the process of gametogenic crust development as opposed to any additional geochemical 162 

changes associated with the shells sinking through the water column (e.g., scavenging). Previous 163 

depth stratified tows conducted in the study region (Ortiz et al., 1996) have found minor 164 

concentrations (<0.25 individuals/m3) of N. pachyderma below 200 m water depth. Fully-mature, 165 

live specimens and recently deceased, crusted specimens of N. pachyderma were immediately 166 

wet picked from each tow, rinsed with distilled water, and placed in micropaleontological slides. 167 



7 

 

Alive specimens were identified by their distinctive brightly colored cytoplasm and relatively 168 

thin shell walls, whereas the shells of recently deceased foraminifers were free of cytoplasm, 169 

appeared white under reflective light, and exhibited a thick crust (Fig. 1). A total of 66 dead 170 

shells (NH85: N=52; NH45: N=14) and 55 alive shells (NH85: N=44; NH45: N=11) were 171 

collected.  172 

Conductivity-temperature-depth (CTD) profilers were used to characterize the water 173 

column at each site and showed consistent conditions at NH85 and NH45 (Fig. 3), supporting the 174 

pooling together of samples from both sites. Seawater samples were collected from both study 175 

sites from the following depths: 5 m, 2 5m, 50 m, 100 m, 150 m, 250 m, and 500 m, to establish 176 

stable isotope profiles. Seawater samples collected for δ13C analysis of the dissolved inorganic 177 

carbon were poisoned with mercuric chloride (HgCl2) immediately upon collection. Seawater 178 

samples obtained for δ18O analysis were collected in scintillation vials and capped with a 179 

positive meniscus at the top of each vial to avoid atmospheric exchange post-collection.  180 

 181 

2.2 LA-ICP-MS TE/Ca analysis 182 

2.2.1 Sample preparation 183 

 Prior to geochemical analyses, specimens were rinsed and oxidatively cleaned to remove 184 

remnant organic matter, following previously established protocols, adapted for single shells 185 

(Martin and Lea, 2002). To remove any detritus, the shells were rinsed with ultrapure (milliQ) 186 

water, followed by methanol, and then given an additional rinse with ultrapure water. Next, 187 

shells were submerged in a 1:1 solution of 30% H2O2 buffered with 0.1 M NaOH, and vials were 188 

placed in a hot (65oC) water bath for 10 minutes. The solution was removed from the sample 189 

vials, and shells were rinsed three times in ultrapure water. Shells were subsequently mounted on 190 

a slide covered with strips of carbon tape in preparation for in-situ trace element analysis.  191 

 192 

 2.2.2 LA-ICP-MS Analytical Methods 193 

 All specimens were analyzed via LA-ICP-MS to evaluate trace element geochemistry. 194 

Shells were analyzed using a Thermo Scientific iCAP RQ inductively coupled plasma mass 195 

spectrometer coupled to an Applied Spectra RESOlution laser ablation system in the Keck 196 

Collaboratory for Plasma Spectrometry at Oregon State University. Ten isotopes were measured 197 

with the following seven isotopes evaluated herein: 23Na, 24Mg, 43Ca, 55Mn, 66Zn, 88Sr, and 138Ba. 198 
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Isotopes were measured using a rapid peak-hopping procedure with the following dwell times for 199 

each isotope: 23Na = 0.04 s, 24Mg = 0.02 s, 43Ca = 0.01 s, 55Mn = 0.05 s, 66Zn = 0.05 s, 88Sr = 200 

0.02 s, and 138Ba = 0.05 s. Shells were ablated from the outer shell surface through to the interior 201 

of the shell at a repetition rate of 5 Hz and a laser energy of 4.0 mJ attenuated by 75% to 87.5%, 202 

focused upon 24 - 38 μm spot sizes. The last four chambers in the final whorl, F0 (ultimate 203 

chamber) to F3 (Fig. 1d), were analyzed with repeated analysis on at least one chamber per 204 

specimen to assess reproducibility (Table S1). Shell averages reported herein were calculated by 205 

first averaging repeated analyses on single chambers, followed by equal-weight averaging of the 206 

chamber averages. In <6% of the specimens, the F3 chamber was too small or not accessible due 207 

to the orientation of the specimen on the tape, and thus was not analyzed or included in the 208 

calculation of the whole-shell value. Analysis of shells was periodically bracketed by analysis of 209 

three standard reference materials (SRM): NIST glasses 610 and 612, and the USGS standard 210 

MACS-3. Each standard was ablated for 60 s at an energy of 5.00 mJ using a 50 μm spot size. 211 

All element concentrations were determined using NIST 610 and NIST 612, however due to 212 

consistent Na concentrations found in NIST glasses, Na was evaluated using the NIST 610 and 213 

MACS-3 SRMs. Elemental calibrations of SRMs measured throughout the analysis session 214 

yielded r2 ≥ 0.99.  215 

 216 

2.2.3 Data Analysis Methods  217 

 LA-ICP-MS data was processed using the Python package LA-Tools (Branson et al., 218 

2019) which follows established data reduction protocols (Longerich et al., 1996). Data 219 

processing protocols include despiking and signal smoothing to remove outliers, evaluating and 220 

applying any necessary drift correction using the bracketing SRM analyses, and removing 221 

average background counts from each data point. The mean TE/Ca for each profile (i.e., 222 

individual chamber analysis) is then calculated by normalizing to the known trace element 223 

concentrations of the drift-corrected SRM standards (Jochum et al., 2011).  224 

Several approaches were employed to investigate differences between whole-shell, 225 

intrashell, and chamber-to-chamber variability. The distributions of whole-shell and individual 226 

chamber (i.e., F0, F1, F2, F3; Fig. 1d) TE/Ca values were compared between the uncrusted 227 

(alive upon collection) and crusted (dead) shells. A Shapiro-Wilks test determined that nearly 228 

every population was non-normally distributed, and thus a Mann-Whitney test was used to 229 
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evaluate if the uncrusted versus crusted trace element chemistries were statistically significantly 230 

different (denoted by a red star in Fig. 4). 231 

The intrashell depth profiles are used to explore intrashell TE variability and reflect 232 

changes in trace element geochemistry as the laser ablated from the outside of the shell through 233 

the shell wall (e.g., Fig. 5). To aid in the interpretation of the intrashell geochemical variability 234 

on a population scale, the TE/Ca data from the depth profiles were plotted on a 1:1 plot, where 235 

the average of the outer 50% of the data from each individual depth profile (reflecting mostly 236 

crust calcite, if present) was plotted against the inner 50% average of data obtained from the 237 

same specimen (reflective of the ontogenetic calcite) (Fig. S1, S2). The difference in TE/Ca 238 

between the inner 50% and outer 50% of each depth profile (∆TE/Cainner-outer) was calculated and 239 

plotted relative to a zero line (Fig. 6). If the inner, ontogenetic calcite is more enriched in a given 240 

TE, the difference will plot above the zero line in Figure 6 (above the 1:1 line in Figures S1 and 241 

S2). If the outer, crust calcite yields higher TE concentrations, the inner-outer difference will plot 242 

below the zero line in Figure 6 (below the 1:1 line in Figures S1 and S2). If there are no distinct 243 

differences in the concentration of a given TE between the inner and outer calcites, values will 244 

plot near or on the zero line in Figure 6 (on or near the 1:1 line in Figures S1 and S2). The 245 

distributions for whole shell values for the alive, uncrusted shells are compared to the 246 

distributions of the inner 50% spectral averages and outer 50% spectral averages of the dead 247 

crusted shells (Fig. 7). Inner 50% chamber spectral averages, outer 50% chamber spectral 248 

averages, and TE/Ca shell averages can be found in Supplemental Datasets S1 through S6, for 249 

Mg/Ca, Na/Ca, Sr/Ca, Ba/Ca, Mn/Ca, and Zn/Ca, respectively.  250 

 251 

2.3 Stable Isotope (δ13C & δ18O) Analysis 252 

 2.3.1 Stable Isotope (δ13C & δ18O) Analysis of Foraminiferal Shells 253 

Study specimens were analyzed for stable carbon (δ13C) and oxygen (δ18O) isotopes 254 

following completion of LA-ICP-MS analysis. Stable isotope measurements were performed at 255 

the Oregon State University Stable Isotope Laboratory using a Thermo Scientific Kiel IV 256 

carbonate device interfaced to a Thermo Scientific MAT 253 dual-inlet gas-source isotope ratio 257 

mass spectrometer. Two to three foraminiferal shells of the same life stage (dead vs. live) were 258 

pooled together for each individual stable isotope analysis due to low masses. In total, 23 259 

separate analyses of dead foraminifera and 19 separate analyses of shells of alive specimens were 260 
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conducted. Replicate analyses of NBS19 (δ13C = 1.95‰ VPDB, δ18O = -2.2‰ VPDB) and in-261 

house standard CaCO3 standard “Wiley” (δ13C = -0.41‰ VPDB, δ18O = -7.20‰ VPDB) resulted 262 

in an analytical precision (1SD) of ≤ 0.05‰ and ≤ 0.08‰ for δ13C and δ18O, respectively. All 263 

shell stable isotope data can be found in Supplementary Dataset S7.  264 

 265 

2.3.2 Stable Isotope Analysis of Dissolved Inorganic Carbon (δ13CDIC) and Seawater 266 

(δ18Osw) 267 

Seawater samples were collected from the two study sites for comparison between the 268 

isotope signatures recorded by the shells and isotope profiles of the water column (Figs. 8, 9). 269 

Seawater samples were analyzed in the Stable Isotope Laboratory at Oregon State University. 270 

The carbon isotope analysis of the dissolved organic carbon of seawater (δ13CDIC) was analyzed 271 

using a Thermo Scientific Delta V isotope ratio mass spectrometer fitted to a gas bench. For each 272 

sample 1 mL of seawater was injected into a sealed, helium-flushed vial. Prior to analysis, 100 273 

μL of 85% H3PO4 were injected into the sample vial and left to equilibrate for 8 hours. Two 274 

standards were analyzed over the course of each run to check stability and calibrate reference 275 

gases: an in-house Wiley standard and 0.7 mL of 3mM NaHCO3. Repeated analysis of standards 276 

resulted in an analytical error (standard deviation) for δ13C of ±0.03‰. All δ13CDIC data are 277 

reported relative to VPDB (Fig. 8; Table 2).   278 

Oxygen isotope analysis of seawater (δ18Osw) samples were conducted using a Thermo 279 

Scientific Delta PlusXL mass spectrometer with a water equilibration system. Seawater samples 280 

were calibrated using three internal standards (“LROSS-6”, δ18O = -10.97‰; “HOT-4”, δ18O = -281 

0.17‰; “Seawater”, δ18O = -0.55‰) scattered throughout and bracketing each run. The isotopic 282 

compositions of LROSS-6 and HOT-4 internal standards have been calibrated using the 283 

international standards VSMOW, GISP, and SLAP. Samples were analyzed using the CO2 284 

equilibration method and dual inlet isotope ratio mass spectrometry, with an analytical error 285 

(standard deviation of repeated standard runs) of ±0.05‰. All δ18Osw data are reported relative to 286 

VSMOW in Table 2. The predicted δ18O for calcite precipitated at equilibrium from seawater 287 

(δ18Ocalcite) was calculated for comparison to the δ18O values of the foraminiferal shells. The 288 

predicted δ18Ocalcite value for each water depth (Table 2) was calculated using the seawater 289 

temperature (from the CTD cast), the measured δ18Osw values, and the following precipitation 290 

equilibrium equation from Kim and O’Neil (1997):  291 
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   1000lnα(Calcite – H2O) = 18.03(103T-1) – 32.42                                       (Eq. 1) 292 

where T is in kelvin and α is the fractionation factor. Values produced by Eq. 1 are determined 293 

relative to the VSMOW scale, and were subsequently converted to the PDB scale for direct 294 

comparison to the measured δ18OFORAM values using the following equation from Coplen et al. 295 

(1983): 296 

                             δ18O(‰ PDB) = 0.97002 × δ18O(‰ VSMOW) – 29.98                            (Eq. 2) 297 

Most paleoceanographic studies utilizing N. pachyderma use either the Kim and O’Neil (1997) 298 

or O’Neil (1969) equations (Kozdon et al., 2009), thus the Kim and O’Neil (1997) equation was 299 

employed to reconstruct predicted equilibrium calcite oxygen isotope values shown herein.  300 

 301 

3. Results 302 

3.1 Whole-Shell and Individual Chamber TE Differences  303 

Mg/Ca values were similar in the crusted and uncrusted shells, both in their whole shell 304 

and individual chamber distributions (Fig. 4a). Zn/Ca ratios also displayed overlapping 305 

distributions between the two populations, however the distributions of values for the uncrusted 306 

shells were skewed to higher values than the distributions derived from the crusted shells (Fig. 307 

4f). Only Zn/Ca values from the F3 chamber were found to be significantly different between the 308 

crusted and uncrusted populations.  309 

 The four remaining elemental ratios, Ba/Ca, Na/Ca, Mn/Ca, and Sr/Ca, all show distinct 310 

differences between the crusted and uncrusted shells. The uncrusted shells record significantly 311 

higher TE/Ca compositions compared to the crusted shells (Fig. 4). When observing TE/Ca 312 

differences in individual chambers, significant differences between the crusted and uncrusted 313 

shells are also found, however these differences tend to increase in sequentially older chambers. 314 

For example, the Sr/Ca difference between the uncrusted and crusted population means increase 315 

from 0.011 mmol/mol to 0.031 mmol/mol to 0.075 mmol/mol to 0.080 mmol/mol for the F0, F1, 316 

F2, and F3 chambers, respectively (Fig. 4e). A similar increase is observed in Ba/Ca, Na/Ca, and 317 

Mn/Ca. All Ba/Ca (Fig. 4b) and Na/Ca (Fig. 4c) chamber populations were statistically different 318 

between the crusted and uncrusted shells. The F1, F2, and F3 chambers recorded significant 319 

differences in Sr/Ca, and the F2 and F3 chambers recorded significant differences in Mn/Ca. 320 

Statistically significant differences were determined using a Mann-Whitney test (p-values < 321 

0.05) and are marked with an asterisk (Fig. 4). 322 
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 323 

3.2 Intrashell Trace Element Variability 324 

Distributions of ∆TE/Cainner-outer values (where ∆TE/Cainner-outer = Avg(TE/Ca)inner50% - 325 

Avg(TE/Ca)outer50%) provide insight into how the crusted and uncrusted intrashell geochemistry 326 

differ on three fronts: 1) ∆TE/Cainner-outer show if a portion (i.e., inner 50% or outer 50%) of the 327 

shell wall is more enriched in a TE compared to the remainder of the shell wall, 2) the magnitude 328 

of TE enrichment within a portion of the shell wall as identified by distributions of ∆TE/Cainner-329 

outer values can be compared between crusted and uncrusted populations, and 3) the chamber-to-330 

chamber variability in ∆TE/Cainner-outer values can be examined. Here we will review each of 331 

these results for the examined analytes. Differences between distributions will be described 332 

primarily via a comparison of the innermost quartile ranges.  333 

Differences in Mg/Ca between the inner and outer calcite (∆Mg/Cainner-outer) tend to be 334 

minimal for the uncrusted shells, as indicated by the overlap of ∆TE/Cainner-outer distributions with 335 

the line of equality or “0” line. In contrast, the crusted shells consistently have positive 336 

∆Mg/Cainner-outer values that increase in progressively older chambers (Fig. 6a). Both the crusted 337 

and uncrusted N. pachyderma shells have enriched Ba/Ca values in the inner calcite, though the 338 

∆Ba/Cainner-outer values tend to deviate farther from the line of equality in crusted shells (Fig. 6b). 339 

Nearly all chambers show higher Na/Ca in the inner chamber calcite in both crusted and 340 

uncrusted shells, as proven by the distinctly positive ∆TE/Cainner-outer distributions (Fig. 6c). Only 341 

the F0 chamber in the uncrusted shells lacks a ∆Na/Cainner-outer difference. The ∆Na/Cainner-outer 342 

values increases markedly in sequentially older chambers. There is only a slight ∆Mn/Cainner-outer 343 

difference in uncrusted shells (Fig. 6d). Conversely, crusted shells have a positive ∆Mn/Cainner-344 

outer difference in all chambers. The ∆Sr/Cainner-outer values show chamber-to-chamber patterns 345 

like those observed with Na/Ca, where ∆Sr/Cainner-outer values increase in progressively older 346 

chambers in both the crusted and uncrusted shells (Fig. 6c, e). However, differences in the 347 

distribution of ∆Sr/Cainner-outer values between the youngest (F0) and oldest (F3) chambers is 348 

greater among the alive, uncrusted shells when compared to the crusted shells. The F0 and F1 349 

chambers of the uncrusted shells tend to record similar Sr/Ca in the inner and outer halves of the 350 

shell wall, whereas the F2 and F3 chambers tend to record higher Sr/Ca in the inner chamber 351 

wall. Crusted shells show slight Sr/Ca enrichment in the outer calcite in the F0 chamber and 352 

Sr/Ca enrichment in the inner calcite in the F1, F2, and F3 chambers. Zn/Ca is higher in the inner 353 
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shell wall of both crusted and uncrusted shells, however crusted shells record consistently more 354 

positive ∆Zn/Cainner-outer values than their uncrusted counterparts (Fig. 6f). Chamber-to-chamber 355 

variability in Zn/Ca is minimal.  356 

The inner 50% of the crusted specimens, primarily composed of early ontogenetic calcite, 357 

should be most similar in composition to the uncrusted specimens, which are composed of only 358 

early ontogenetic calcite, with little or no crust calcite. A comparison of uncrusted whole-shell 359 

TE/Ca data to the TE/Ca data from the inner 50% of the crusted shells demonstrates this 360 

similarity (Fig. 7). For most TEs the TE/Ca distributions of the inner 50% of the crusted shells 361 

are statistically similar to the TE/Ca distributions of the uncrusted, whole-shell values. 362 

Conversely, the outer 50% of the dead, crusted shells are significantly different than the alive, 363 

uncrusted shells, recording consistently lower TE concentrations. Only in the case of Sr/Ca are 364 

both the crusted inner 50% and outer 50% values significantly different than the uncrusted, 365 

whole shell values (Fig. 7c).  366 

 367 

 3.3 Stable isotope (δ13C and δ18O) differences between crusted and uncrusted shell 368 

populations 369 

 Uncrusted shells generally record higher carbon isotope values and lower oxygen isotope 370 

values compared to the crusted shells retrieved from the surface ocean environment (Fig. 8). 371 

Carbon isotope values for the alive, uncrusted shells range from 0.63‰ to -0.07‰ with an 372 

average value of 0.25‰ whereas δ13C values for the dead, crusted shells range from 0.29‰ to -373 

0.28‰ with an average of -0.05‰ (Fig. 8a). Oxygen isotope values range from 0.56‰ to -374 

0.14‰ for uncrusted shells, with an average of 0.12‰, and values range from 0.89‰ to 0.06‰ 375 

for crusted shells, with an average of 0.37‰ (Fig. 8b). Differences in isotopic composition 376 

between the crusted and uncrusted shells are statistically significant for both δ13C and δ18O 377 

(Student’s t-test; δ13C, p-value <<0.001). 378 

 379 

4. Discussion 380 

4.1 Trace element variability in crusted and uncrusted specimens 381 

The whole shell average Ba/Ca, Na/Ca, Mn/Ca, and Sr/Ca are significantly higher in the 382 

uncrusted shells of N. pachyderma compared to crusted shells recovered from the same surface-383 

ocean plankton tows (Fig. 4b-4e). Inner calcite TE enrichment (i.e., more positive ∆TE/Cainner-384 
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outer) is present in both crusted and uncrusted shells but is more pronounced in the crusted 385 

specimens (Fig. 6). Mg/Ca and Zn/Ca are not significantly different in the uncrusted versus 386 

crusted specimens, but the range of values recorded in uncrusted shells is skewed toward higher 387 

ratios compared to the crusted shells (Fig. 4a, f). Comparison of the outer 50% spectral averages 388 

(i.e., dominantly crust calcite) to whole-shell uncrusted TE values show a significant TE 389 

depletion in the crust calcite (Fig. 7). Thus, differences in whole-shell trace element 390 

geochemistry, and the positive ∆TE/Cainner-outer values, are attributed to the low TE-bearing crust 391 

calcite, which lowers the overall whole-shell average TE/Ca ratios (Fig. 6). The crust, which 392 

tends to grow thicker on the progressively older chambers, is also likely responsible for the 393 

larger ∆TE/Cainner-outer differences in progressively older chambers (e.g., Fig. 4b-e; Fig. 6; 394 

Sadekov et al. 2005, Fehrenbacher et al., 2017).   395 

High-resolution analyses from fossil specimens demonstrate that nearly all TEs in early 396 

ontogenetic calcite are elevated compared to crusted calcite whereas the outer crust is generally 397 

more homogeneous, with overall lower trace element ratios (Sadekov et al., 2005; Hathorne et 398 

al., 2009; Steinhardt et al., 2015; Jonkers et al., 2016; Table 1). The ontogenetic TE-enriched 399 

calcite often appears ‘banded’, with alternating high and low intercalated calcite ‘layers’ 400 

(Sadekov et al., 2005; Hathorne et al., 2009; Steinhardt et al., 2015; Bonnin et al., 2019). The 401 

higher ratios of these elements in the innermost chamber walls could be related to the presence of 402 

organic layers embedded in the shell wall that form with chamber growth and thickening 403 

processes. Chamber formation processes are variable amongst different species but share a 404 

common feature: as the chambers are added and/or thickened during early ontogeny, organic 405 

membranes form between the thin calcite layers. The initial calcite that forms adjacent to the 406 

organic membrane is often enriched in TEs (Cuif et al., 2012; Fehrenbacher et al., 2017; Bonnin 407 

et al., 2019, Richey et al., 2022). The mechanism responsible for the enriched TEs associated 408 

with the organic membranes is poorly constrained but may be linked to processes responsible for 409 

nucleating calcite on the organic templates (Branson et al., 2019). 410 

The higher ratios in the inner calcite could also reflect variable conditions in the 411 

microhabitat surrounding the shells during early ontogeny. The microhabitat is a complicated 412 

space that has remarkably different chemistry compared to the adjacent seawater (Jørgensen et 413 

al., 1985; Rink et al., 1998). First, foraminifera respire, which likely modulates the carbonate 414 

chemistry and oxygen concentration in the microenvironment around their shells. Studies have 415 
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also demonstrated that foraminifera increase the pH in the microenvironment during chamber 416 

formation (de Nooijer et al., 2008, 2009). For species with algal symbionts, the changes in pH 417 

and oxygen are even more pronounced due to diurnal algal photosynthesis cycles (Jørgensen et 418 

al., 1985; Kohler-Rink et al., 2000). While our study species is asymbiotic and thus is not 419 

affected by photosynthetic cycles, there is growing evidence that non-spinose foraminifera, 420 

including N. pachyderma, calcify within a particulate organic microhabitat, such as marine snow, 421 

during early ontogeny (Fehrenbacher et al., 2018; Greco et al., 2019; Fritz-Endres et al., 2022; 422 

Richey et al., 2022). Marine snow can have highly variable pH, oxygen concentrations, and even 423 

different seawater trace element compositions (Hebel et al., 1986; Alldredge and Cohen, 1987). 424 

During periods of high productivity, calcification within marine snow can be more common, 425 

resulting in higher Ba/Ca ratios among non-spinose foraminifera (Fritz Endres et al., 2022). 426 

However, the specimens examined in this study were captured during a period of relatively low 427 

productivity (i.e., chlorophyll a < 0.25 mg/m3; Fig. 3) and so we do not find high Ba/Ca 428 

compositions like those observed in other studies of non-spinose foraminifera (Fehrenbacher et 429 

al., 2017; Richey et al., 2022). Although the exact mechanism responsible for differences in the 430 

geochemistry of the early ontogenetic calcite and the outer crust is not well constrained, results 431 

herein confirm that the inner calcite of N. pachyderma has consistently enriched TEs whereas the 432 

crust calcite consistently records lower trace elements (Fig. 4, 6, 7).  433 

Crust formation remains an enigmatic process (Hamilton et al., 2008). Why are trace 434 

elements lower in crust calcite when compared to the early ontogenetic calcite? Moreover, why 435 

does the crust lack TE variability? Although it is widely accepted that foraminifera crusting 436 

occurs during late ontogeny, and typically during or just prior to gametogenesis, the mechanisms 437 

modulating TE incorporation during this process are not well constrained. In the foraminiferal 438 

species Orbulina universa and N. dutertrei, it has been shown that calcite that forms during the 439 

day has lower Mg/Ca ratios compared to calcite that forms at night. If the crust forms rapidly, 440 

and during daylight hours, this may be responsible for the low TE composition of the crust 441 

calcite (Spero et al., 2015; Fehrenbacher et al., 2017). Culture studies using foraminiferal species 442 

that have been shown to generate crust in culture, like N. incompta (Davis et al., 2017), could 443 

shed further light on TE incorporation processes during crusting. 444 

Intrashell variability was evaluated by examining chamber-to-chamber variability and 445 

∆TE/Cainner-outer gradients. ∆TE/Cainner-outer gradients were used to determine if the outer crusted 446 
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calcite recorded relatively lower TE concentrations. While this is a useful tactic to evaluate the 447 

general chemical distribution in the crust versus ontogenetic calcite on a population scale, it 448 

inherently simplifies the structure of TE variability in the shell wall. For example, in Figure 5a, 449 

Zn/Ca is consistently low in the outer 50% of the spectrum whereas it increases to a distinct peak 450 

in the inner 50% of the spectrum. The general structure of Zn/Ca observed in Figure 5a supports 451 

an idealized view of a “low TE” crust that appears to be clearly distinguishable from the inner 452 

ontogenetic calcite. However, Ba/Ca of the same shell (Fig. 5b) shows several bands of 453 

fluctuating high and low Ba/Ca throughout the entire spectrum, although when calculated the 454 

average of the inner 50% of the spectrum is higher than the average of the outer 50%. While 455 

these observations do not hinder the interpretations described herein, it is worth noting that 456 

intrashell TE variability is simply more complex than the ∆TE/Cainner-outer gradients that were 457 

employed to assess it. However, comparison of representative TE/Ca spectra from a crusted 458 

specimen and an uncrusted specimen (Fig. 5) shows that greater variability is found throughout 459 

the depth profile in uncrusted specimens, whereas inner-outer TE differences are generally more 460 

visually apparent in crusted specimens.   461 

 462 

4.2 Habitat depth and crust formation: insights from stable isotopes 463 

While the planktic foraminiferal life-cycle and preferred habitat depth is an ongoing area 464 

of research (e.g., Meilland et al., 2021), it is generally believed that many species of foraminifera 465 

undergo gametogenesis and grow the associated crust at depths deeper than their typical, 466 

average, living depth habitat (Duplessy et al., 1981; Hemleben et al., 1989; Bauch et al., 2002; 467 

Schiebel and Hemleben, 2017). Stable isotope data from the crusted and uncrusted shell 468 

populations presented herein support this notion. The uncrusted shells record higher δ13C values 469 

and lower δ18O values compared to crusted shells acquired from the same plankton tow (Fig. 8). 470 

These differences suggest that N. pachyderma live in the 13C-enriched, warmer waters of the 471 

upper surface ocean during early ontogeny and develop the late gametogenic crust deeper in the 472 

water column. The relatively cooler temperatures are responsible for the higher δ18O signature of 473 

the crusted specimens while the increase in organic matter decomposition in deeper water lowers 474 

the seawater δ13CDIC, thereby also lowering the δ13CFORAM (i.e., shell) composition. Similar 475 

relative differences have been found in isotopic comparisons of crusted and uncrusted shells of 476 

both spinose (Vegnaud Grazzini, 1976; Blanc and Bé, 1981; Schweitzer and Lohmann, 1991; 477 
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Mulitza et al., 1997) and non-spinose (Bauch et al., 2002; Kozdon et al., 2009; Livsey et al., 478 

2020) species. 479 

The δ13C values recorded by both crusted and uncrusted shells are within the range of 480 

δ13CDIC values measured from the upper water column, suggesting that the N. pachyderma 481 

examined herein were collected during a low productivity period and grew their shells in 482 

equilibrium with seawater δ13CDIC. A similar observation is made when comparing the 483 

δ18OFORAM population distribution to the δ18O profile of predicted equilibrium calcite (Fig. 8, 9). 484 

We therefore argue that comparisons between shell and water isotope geochemistry can be used 485 

to make inferences about the living depth habitat and depth of crusting (Fig. 9). The uncrusted 486 

δ13CFORAM values suggest that these foraminifera calcified between ~45 to 85 m below the 487 

surface during their lifetime. The distribution of the crusted shells aligns with δ13CDIC signatures 488 

found at depths of ~73 to 102 m. However, crusted shells are a mixture of ontogenetic calcite 489 

and crust calcite. If we assume that the average δ13C value of the living shell distribution is 490 

representative of the ontogenetic calcite shell (δ13Conto = 0.24‰) and use the average δ13C value 491 

of the crusted shells as our ‘mixed’ signature (δ13Ccrusted = -0.05‰), we can determine potential 492 

crusting depths by modeling various scenarios of % crust and % ontogenetic calcite (Fig. 9a). 493 

For example, if the crusted shells were a mixture of 70% crust calcite and 30% ontogenetic 494 

calcite, the crust calcite would need to have been added at a depth of ~92 m where the δ13CDIC is 495 

-0.17‰. Conversely, if crusted shells were composed of 40% crust calcite and 60% ontogenetic 496 

calcite, the crust would need to be added at near a depth of ~227 m where the δ13CDIC is -0.49‰. 497 

A 30% crust calcite/70% ontogenetic calcite mixture would require the crust calcite end-member 498 

to have a δ13C signature of -0.73‰ which is below the minimum δ13CDIC values recorded in the 499 

upper 500 m of the water column. These mixing scenarios, in combination with the fact that all 500 

shells were collected from the uppermost 200 m of the water column, suggest that shells are 501 

composed of between 40-70% crust calcite, and that crusting likely occurs between ~100 and 502 

200 m below the surface. Estimates of crust volume interpreted here are consistent with SEM 503 

imaging of shell cross sections and mass-balance calculations derived from weight comparisons 504 

of crusted and uncrusted shells where the crust calcite has been found to compose anywhere 505 

from ~30 to 70% of the total shell volume (Bé, 1980; Mulitza et al., 1997; Bauch et al., 2002; 506 

Bolton and Marr, 2013). The depth of crusting determined herein is also consistent with 507 

observations of N. pachyderma from plankton tow studies in the Okhotsk Sea (Bauch et al., 508 
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2002) but is shallower then crusting depths found in the Labrador Sea, Greenland Sea, and Fram 509 

Strait (~200 to 400 m; Stangeew, 2001, Kozdon et al., 2009). Studies of N. pachyderma 510 

populations throughout the Arctic have found depth habitats (calculated as the abundance-511 

weighted mean depth determined using the midpoints of the collection intervals) ranging from 25 512 

to 280 m water depth (Greco et al., 2019). Sparse depth-stratified assemblage data published for 513 

the study region (Ortiz et al., 1996) have found specimens living dominantly within the upper 514 

200 m of the water column, with shells found below 200 m representing a settling flux of dead 515 

shells. The variable depth at which crust forms is likely driven simply by hydrographic 516 

conditions, which will differ across study regions.  517 

Comparisons of the δ18OFORAM range to the δ18O profile predicted from calcification at 518 

equilibrium with seawater produces an estimated living depth habitat of ~30 to 68 m. If we 519 

employ a similar mixing model approach using the average δ18O of the uncrusted shells (δ18Oonto 520 

= 0.08‰) as the ontogenetic calcite end-member and the average δ18O of the crusted shells as the 521 

“mixed” signature, crusting mixtures of ≥20% provide reasonable crusting depths near or within 522 

the uppermost 200 m of the water column.  523 

While the δ13C mixing model provides a first approximation of crusting depths, it is 524 

possible that the foraminiferal calcite may not be directly recording the δ13CDIC. Isotopic 525 

investigations of N. pachyderma from the Okhotsk Sea have recognized offsets between δ13CDIC 526 

and δ13Cshell that were attributed to grow under lower carbonate ion concentrations (i.e., the 527 

“carbonate ion effect” (Spero et al., 1997; Bauch et al., 2002). However, consistency in the 528 

interpreted living depth habitats interpolated from both the δ13C and δ18O shell distributions 529 

provides some confidence that the foraminiferal δ13C is not strongly affected by carbonate ion 530 

concentration in our study region. 531 

 532 

4.3 Crusting in planktic foraminifera: implications for paleoreconstruction 533 

Intrashell TE variability has been widely explored in many planktic foraminiferal species 534 

using an array of techniques including LA-ICP-MS and electron microprobe mapping, among 535 

others (Table 1 and references therein). Together, this body of literature suggests that for most 536 

planktic foraminiferal taxa the crust portions of foraminiferal shells tend to record lower trace 537 

elements, leading to overall lower whole-shell trace element concentrations in crusted shells. 538 

These previous studies have generally focused on Mg/Ca variability and evaluations derived 539 
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from a few individuals. Here, we expand the investigated elements and work to constrain 540 

patterns observed consistently in a larger  population to better understand trace element 541 

incorporation for a single, critically important foraminiferal species. Population-scale 542 

geochemical TE/Ca variability, statistically-robust evaluations of intrashell variability, and 543 

associated differences between crusted and uncrusted shell populations collected from the same 544 

plankton tows in the upper surface ocean demonstrate how shell geochemistry changes in 545 

association with gametogenic crust formation. Results serve as a baseline for comparison to 546 

regional sediment trap and core-top studies to better delineate geochemical changes that occur 547 

between initial calcification in the water column and fossilization on the seafloor.  548 

A few observations presented herein deviate from precursor studies. While Mg/Ca has 549 

been found to generally be lower in crust calcite when compared to ontogenetic calcite for most 550 

taxa (Table 1), we do not find significant differences when comparing Mg/Ca values derived 551 

from uncrusted and crusted shells of N. pachyderma (Fig. 4a, 6a). Significant differences in 552 

Mg/Ca are found when comparing the outer 50% of the crusted shells to the uncrusted whole-553 

shell values (Fig. 7a), but the translation of these differences into whole-shell values does not 554 

appear to produce a vital effect that would affect temperature estimates derived from these shells. 555 

The small differences in Mg/Ca between the crust and ontogenetic portions of the shells may be 556 

supportive of either 1) interpretation that these shells are minimally crusted or conversely, 2) that 557 

crusting is occurring over a small temperature gradient between living depth and crusting depth. 558 

Specimens that calcify when there is a larger temperature gradient over the depth habitat range 559 

may have larger Mg/Ca differences in ontogenetic versus crust calcite. It has also been argued 560 

that the depth of crusting varies for a foraminifer following gametogenesis, as interpreted by 561 

chamber-to-chamber differences observed in Mg/Ca in studies of N. dutertrei (Jonkers et al., 562 

2012). Yet TE/Ca content in crusted specimens of N. pachyderma examined in this study record 563 

very similar Mg/Ca distributions in the penultimate and preceding chambers (i.e., F1 to F3 564 

chambers; Fig. 4) suggesting rapid crust development occurring at a consistent depth. Although 565 

we do not find distinct differences in Mg/Ca between crusted and uncrusted individuals collected 566 

via plankton tow, there is a potential for Mg/Ca alteration of shells to occur while settling 567 

through the water column and/or upon deposition to the seafloor (Dekens et al., 2002; Sadekov et 568 

al., 2010; Wycech et al., 2016). Precipitation of secondary diagenetic calcite at lower 569 



20 

 

temperatures, such as those found along the seafloor, would further increase the relative volume 570 

of low-Mg calcite in the shells of fossil foraminifers.  571 

There is growing interest in understanding mechanisms responsible for the incorporation 572 

of the elements Na, Mn, Zn, and Ba, because of their potential utility in paleoclimate as proxies 573 

for salinity, oxygenation, water mass tracing, and paleoproductivity, respectively (Marchitto et 574 

al., 2000; Bryan and Marchitto, 2010; Wit et al., 2013; Steinhardt et al., 2014; Mezger et al., 575 

2016; Bertlich et al., 2018; Fehrenbacher et al., 2018; Watkins et al., 2021; Fritz-Endres et al., 576 

2022). For N. pachyderma, results herein demonstrate that these elements are highly variable in 577 

the early ontogenetic calcite and that the crust calcite has overall lower TE/Ca ratios. Culture 578 

experiments remain invaluable for understanding mechanisms responsible for the incorporation 579 

of these elements. However, for species that form crusts, crusted plankton tow, sediment trap, 580 

and seafloor specimens may be better suited for the generation of TE-environment calibrations 581 

that can be applied to downcore reconstructions. Depending on the region, crusted shells are 582 

more likely to be preserved in the fossil record (Caron et al., 1990; Johnstone et al., 2010), and 583 

thus in these cases, calibrations to appropriately assess their geochemistry should be prioritized.  584 

 585 

5. Conclusions 586 

Culturing studies of foraminifera have been invaluable to the field of paleoceanographic 587 

proxy development (Schiebel and Hemleben, 2017), however culturing of planktic foraminifera 588 

is not without its hardships. Previous culturing studies of neogloboquadrinids have noted 589 

difficulty in getting foraminifera to develop thick crusts similar to those found in nature (Davis et 590 

al., 2017; Fehrenbacher et al., 2017). Here we examine trace element (Mg/Ca, Na/Ca, Sr/Ca, 591 

Ba/Ca, Mn/Ca, Zn/Ca) and stable isotope (δ13C, δ18O) geochemistry of crusted and uncrusted 592 

shells of Neogloboquadrina pachyderma collected from the same surface ocean plankton tows to 593 

investigate potential vital effects associated with the development of gametogenic crusts. Results 594 

herein show that for most TEs (Na, Sr, Ba, Mn), TE/Ca values are significantly higher in 595 

uncrusted shells when compared to crusted shells. Whole-shell TE values are lower for crusted 596 

shells due to the inclusion of low TE-bearing crust. Stable isotope comparisons of foraminiferal 597 

shells to ambient seawater indicate that N. pachyderma live within the uppermost 90 m of the 598 

water column. We have estimated that the crust composes ~40 to 70% of the shell volume in 599 

crusted shells, and that crusting occurs between ~100 to 200 m water depth. If TE/Ca culture 600 
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calibrations are established from TE-enriched uncrusted or weakly-crusted shells and applied to 601 

crusted fossil shells, the associated paleoreconstructions will inherently produce attenuated 602 

climate signals. We therefore recommend 1) using calibrations established from crusted 603 

specimens to evaluate fossil records; or 2) that calibrations based on ontogenetic calcite should 604 

be only applied to the ontogenetic portions of fossil specimens using LA-ICP-MS profiling, as 605 

previously suggested by Davis et al., (2017). 606 
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Figure Captions 872 

Figure 1. Representative examples of a) a mixture of live, uncrusted (LU) and dead, crusted 873 

(DC) shells in a plankton tow sample, b) a live-caught uncrusted Neogloboquadrina pachyderma 874 

shell that has been cleaned to remove the colorful cytoplasm, and c) a cleaned, dead, crusted 875 
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shell of N. pachyderma. Scale bars are equal to 100 µm. d) A schematic illustrating the relative 876 

position of the outer whorl chambers examined in this study.   877 

 878 

Figure 2. Bathymetric map showing the location of the two collection sites (NH85, NH45) off 879 

the Oregon coast. Distance scale bar is in kilometers (km).  880 

 881 

Figure 3. Profiles of the uppermost 500 m of the water column from NH85 (solid line) and 882 

NH45 (dashed line) showing the a) temperature, b) salinity, c) chlorophyll content, and d) 883 

dissolved oxygen measured from CTD casts on the day of plankton tow collections.  884 

 885 

Figure 4. Boxplots showing the distributions of N. pachyderma TE/Ca data from each individual 886 

chamber in the final whorl (F0, F1, F2, F3) and the whole-shell average for the alive-caught, 887 

uncrusted shells (pink) and dead, crusted shells (blue). a) Mg/Ca, b) Ba/Ca, c) Na/Ca, d) Mn/Ca, 888 

e) Sr/Ca, and f) Zn/Ca. Red stars denote significant differences between the crusted and 889 

uncrusted populations (Mann-Whitney test, p-value <0.05). 890 

 891 

Figure 5. Example TE/Ca depth profile for a-b) a crusted specimen (Shell #100, F2 chamber) 892 

and c-d) an uncrusted specimen (Shell #4, F2 chamber).  893 

 894 

Figure 6. Boxplots showing the ∆TE/Cainner-outer distributions, where ∆TE/Cainner-outer values are 895 

calculated as the difference between the average inner 50% of a TE/Ca spectrum minus the 896 

average of the outer 50% of the same TE/Ca spectrum for each chamber of a given shell. a) 897 

Mg/Ca, b) Ba/Ca, c) Na/Ca, d) Mn/Ca, e) Sr/Ca, and f) Zn/Ca. Distributions derived from 898 

uncrusted shells are shown in pink whereas distributions of crusted shells are shown in blue.  899 

 900 

Figure 7. Boxplots of whole-shell average a) Mg/Ca, b) Na/Ca, c) Sr/Ca, d) Ba/Ca, e) Mn/Ca 901 

and f) Zn/Ca values of uncrusted shells (yellow) to the inner 50% average (blue) and outer 50% 902 

average (purple) of the crusted shells. Significant differences were denoted with a red star 903 

(Mann-Whitney test, p-value <0.05).  904 
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Figure 8. Boxplots of stable a) carbon (δ13C) and b) oxygen (δ18O) isotope values for the 905 

uncrusted (pink) and crusted (blue) shells. The uncrusted and crusted populations were found to 906 

be significantly different (Student’s t-test) in both their carbon and oxygen isotopic 907 

compositions, as denoted by the red stars. c) A cross plot of the carbon and oxygen isotope 908 

values for uncrusted shells (pink circles) and crusted shells (blue circles), and the δ13CDIC and 909 

δ18Ocalcite measured or calculated, respectively, from the water samples collected from NH45 910 

(black diamonds) and NH85 (white diamonds). The numbers labeling each diamond denote the 911 

depth (m) at which the water sample was collected. The δ18Ocalcite values in panel C are the 912 

predicted δ18O of calcite precipitated under equilibrium at each water depth as determined from 913 

measured δ18Osw and temperature, using the Kim and O’Neil (1997) equation. Note that each 914 

shell data point represents an analysis of two to three shells of the same life stage (dead vs. live) 915 

from the same plankton tow that were pooled together.  916 

Figure 9. Comparison of a) carbon and b) oxygen isotope data of crusted (blue boxplots) and 917 

uncrusted (pink boxplots) shells to the δ13CDIC and δ18Ocalcite profiles. The δ18O equilibrium 918 

calcite profile was calculated using the equation from Kim and O’Neil (1997). Red dots and 919 

associated labels demarcate the depth of crusting assuming various mixing scenarios of crust and 920 

ontogenetic calcite (Section 4.2). Mixing scenarios and estimated depths of crusting using the 921 

δ13C data is included as an inlayed table in panel A.  922 

 923 

 924 
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Tables and Table Captions 935 

Table 1. Summary of TE/Ca differences observed between the crust and ontogenetic calcites as 936 

found in the published literature. TE/Ca comparisons are labeled as the crust calcite either being 937 

found to be lower, higher, or no difference (ND) in TE/Ca values when compared to the 938 

ontogenetic calcite of the same shell. References are as follows: 1Eggins et al., 2003; 2this study; 939 

3Davis et al., 2017; 4Sadekov et al., 2005; 5Bolton & Marr, 2013; 6Pena et al., 2008; 7Jonkers et 940 

al., 2012; 8Steinhardt et al., 2015; 9Duckworth, 1977; 10Hathorne et al., 2009; 11Brown and 941 

Elderfield, 1996; 12Branson et al., 2015; 13Elderfield and Ganssen, 2000; 14Nürnberg et al., 942 

199614; 15Rosenthal et al., 2000; 16Bertlich et al, 2018. 943 

Species Mg/Ca Na/Ca Sr/Ca Ba/Ca Mn/Ca Zn/Ca 

Neogloboquadrina 

pachyderma 

Lower1,3, 

ND2 

Lower2 Lower2 Lower2 Lower2 Lower2 

N. incompta Lower3,4,

5 

̶ ND2 ̶ ̶ ̶ 

N. pachyderma- dutertrei 

(P-D) intergrade 

Lower5 ̶ ND5 ̶ ̶ ̶ 

N. dutertrei Lower1,4,

6,7,8 

 ND1,6 Lower1 Lower1,6,

7 

Lower1 

Globorotalia 

truncatulinoides 

Lower4,9      

G. inflata Lower5,10 ̶ ND5,10 Lower10 Lower10 ̶ 

G. scitula Lower8,10  ND10 Lower10 Lower10  

G. tumida Lower11,1

2 

 ND12    

G. menardii Lower4      

Globogerina bulloides Lower13      

Trilobatus sacculifer Higher14; 

Lower1,15

, ND1,11 

Higher16 ND1 Lower1 Lower1 Lower1 

Globigerinoides ruber ND1,4  ND1 ND1 ND 1 ND1 

G. conglobatus Lower4      

Pulleniatina 

obliguiloculata* 

Lower8      

Orbulina universa Lower4      

* This comparison was not between the gametogenic crust and early ontogenetic calcite, but 944 

rather between the cortex and early ontogenetic calcite.   945 

 946 

 947 
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Table 2. Carbon (δ13CDIC) and oxygen (δ18Osw) isotope values measured from the seawater 949 

samples collected from each site. Temperatures measured from the CTD and predicted δ18O 950 

values for equilibrium calcite (δ18Ocalcite) using the equation from Kim and O’Neil (1997) are 951 

also shown.  952 

Site 
Latitude 

(oN) 

Longitude 

(oW) 

Depth 

Sampled 

(m) 

δ13CDIC 

(‰VPDB) 

δ18Osw 

(‰VSMOW) 

Temperature 

(oC) 

Calculated 

Equilibrium 

Calcite 

δ18Ocalcite 

(‰VPDB) 

NH45 44.6517 -125.117 5 1.34 -0.98 10.88 -0.36 
   25 1.34 -0.92 10.83 -0.29 
   50 0.39 -0.64 9.04 0.39 
   100 -0.27 -0.26 8.58 0.88 
   150 -0.46 -0.16 7.86 1.14 
   250 -0.49 -0.19 6.70 1.38 
   500 -0.57 -0.18 5.01 1.78 

NH85 44.6517 -126.05 5 1.28 -0.84 10.93 -0.23 
   25 1.26 -0.87 10.85 -0.24 
   50 0.57 -0.66 10.02 0.15 
   100 -0.29 -0.25 8.75 0.85 
   150 -0.45 -0.15 8.01 1.11 
   250 -0.45 -0.11 7.03 1.38 
   500 -0.47 -0.14 5.23 1.77 
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Figures 966 

Figure 1 967 
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Figure 2.  991 

 992 

 993 

 994 

 995 

 996 

 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 



36 

 

Figure 3 1009 
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Figure 4 1032 
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Figure 5 1034 
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Figure 6 1049 
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Figure 7 1052 
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Figure 8 1056 
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Figure 9 1076 
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