
1. Introduction
Evaluation of trace element geochemistry, primarily trace element/Ca (TE/Ca) ratios such as Mg/Ca, of planktic 
foraminifera has become a cornerstone of paleoceanographic reconstructions (Allen et al., 2016; Katz et al., 2010). 
Although Mg/Ca of foraminifera has been well-studied as a sea surface temperature proxy (Anand et al., 2003; 
Hönisch et al., 2013; Lea et al., 1999; Martínez-Botí et al., 2011; Nürnberg et al., 1996; Russell et al., 2004), 
advances in technology and proxy understanding have led to greater investigation and utilization of other TE/
Ca ratios (e.g., Ba/Ca, Mn/Ca, Na/Ca) to evaluate past ocean-climate change (Davis et al., 2020; Fritz-Endres 
et al., 2022; Mezger et al., 2016; Watkins et al., 2021; Wit et al., 2013). With the development of any new proxy 
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crust calcite records significantly lower TE/Ca values for all elements examined. Isotopic mixing models 
suggest that the crust calcite accounts for ∼40%–70% of crusted shell volume. Comparison of foraminiferal 
and seawater isotopes indicate that N. pachyderma lives in the upper 90 m of the water column, and that crust 
formation occurs slightly deeper than their average living depth habitat. Results highlight the necessity to 
establish calibrations from crusted shells, as application of calibrations from TE-enriched uncrusted shells may 
yield attenuated or misleading paleoceanographic reconstructions.

Plain Language Summary The chemistry of fossil shells of planktic foraminifera, a type of 
marine zooplankton found throughout the global surface ocean, are commonly investigated to reconstruct 
past ocean and climate conditions. The chemistry of foraminiferal shells has been found to be reflective of the 
physical and chemical conditions of the water the shells grew within. However, biological processes can also 
affect shell chemistry, which may interfere with the way fossil shell chemistry is interpreted in past climate 
reconstructions. Here, we investigate how planktic foraminiferal shell thickening or “crusting,” which occurs 
just after reproduction and just prior to death, could change the chemistry of a foraminiferal shell. To explore 
this question, the trace element and stable isotope shell chemistry was examined in populations of alive, fully 
mature, uncrusted specimens and recently deceased, crusted specimens collected from the same surface ocean 
plankton tows. Results show that crusted shells tend to record lower trace element signatures then uncrusted 
shells, and investigation of trace element geochemistry within the shell wall shows that this is due to crusts 
having lower trace element concentrations. Changes to shell chemistry associated with crusting will need to 
be considered when establishing quantitative relationships between planktic foraminiferal shell chemistry and 
environmental conditions.
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in biological archives, it is necessary to not only constrain the primary environmental signal driving geochemical 
signatures, but also identify potential interference by vital effects, the biological impacts on shell geochemistry 
(Niebler et al., 1999; Schiebel & Hemleben, 2017).

In general, fossil foraminiferal shells are an amalgamation of several stages of biotic, and in some cases abiotic, 
calcite growth (Branson et al., 2015; Hemleben et al., 1989). The biotic calcite stages include primary “ontoge-
netic” calcite and, in some species, secondary “gametogenic” calcite. Primary calcite is typically porous, exhibits 
pronounced laminations separated by organic layers, and for spinose species, acts as a base for spines to be supported 
(Branson et al., 2015). Many species of planktic foraminifera used in paleoreconstructions also add additional biotic 
calcite during or following reproduction and just prior to death, recognized as a “gametogenic crust” (Figure 1). This 
distinct gametogenic crust has long been identified as a feature of many planktic foraminiferal species (Bé, 1980; Bé 
& Lott, 1964; Caron et al., 1990). Lastly, an additional abiotic crust may be found in some fossil foraminifers that is 
attributed to postdepositional diagenetic processes occurring on the seafloor (Branson et al., 2015).

Advancements in in situ methodologies, such as laser-ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS), has allowed for greater insight into intrashell TE variability in foraminiferal shells as a means 
to investigate potential vital effects and relationships between different types of foraminiferal calcite (Bolton 
& Marr, 2013; Eggins et al., 2003; Steinhardt et al., 2015). LA-ICP-MS profiles from several different planktic 
foraminiferal species has shown that the gametogenic crust often yields lower TE/Ca values than the calcite 
grown throughout most of the foraminifers' early life in the surface ocean (i.e., the early ontogenetic, or “lamel-
lar,” calcite; Table 1). However, differences in TE/Ca between crust and early ontogenetic calcites are not found 
in all species nor is there a consistent crust “signature” found within a given species (e.g., Trilobatus sacculifer; 
Eggins et al., 2003). Intrashell trace element investigations have focused primarily on Mg/Ca and thus our knowl-
edge of intrashell variability of other TE/Ca proxies is limited (Table 1).

Similar investigations have delineated differences in isotopic composition between crusted and uncrusted foraminif-
eral shells (Bauch et al., 2002; Blanc & Bé, 1981; Kozdon et al., 2009; Livsey et al., 2020; Mulitza et al., 1997; 
Schweitzer & Lohmann, 1991; Vergnaud Grazzini, 1976). In several species, δ 18O values of crust calcite have been 
found to record higher values than the ontogenetic calcite, suggesting that the addition of gametogenic crust occurs 
deeper in the water column relative to the foraminifers living depth habitat (Duplessy et al., 1981). These isotopic 
differences have fueled hypotheses, which are still under debate (Meilland et al., 2021) surrounding reproductive 
strategies involving depth migration during gametogenesis (Hemleben et al., 1989; Schiebel & Hemleben, 2017).

Vital effects associated with foraminiferal ontogeny, and related differences in shell geochemistry, can have 
prolific consequences in paleoreconstructions if not properly considered. Many calibrations used to reconstruct 
past ocean conditions are derived from culturing studies whereby live foraminifera are collected from the surface 
ocean and brought back to the lab to be grown under controlled conditions. While culturing studies strictly 
constrain environmental controls on biogeochemical processes, they do not always well-simulate a foraminifer's 
natural habitat, and thus growth in culture is not always consistent with growth in nature. For example, shells 
grown in culture do not always develop a thick crust, even after gametogenesis when the crust is thought to form 
(Davis et al., 2017; Fehrenbacher et al., 2017). However, fossil foraminiferal shells used for paleoreconstructions 
typically display thick gametogenic crusts. Considering known geochemical differences between the crust and 
ontogenetic portions of crusted shells, it is possible that applying calibrations developed in the laboratory using 
noncrusted shells to crusted-shell fossil specimens may result in misleading paleoceanographic reconstructions. 
Here, we further investigate this potential complication by comparing the trace element (Mg, Na, Ba, Sr, Mn, 
Zn) and stable isotope (δ 13C, δ 18O) composition of alive, fully mature, uncrusted (pregametogenic) shells to 
recently deceased, crusted shells of Neogloboquadrina pachyderma collected from the same discrete plankton 
tows. Because shells were collected from the surface ocean, the “crusted” shells mentioned henceforth refer to 
shells composed of primary ontogenetic calcite and gametogenic crust, and do not include additional secondary 
diagenetic crust. Intrashell trace element variability is also examined in order to characterize geochemical differ-
ences between the crusted and ontogenetic portions of the shell wall. Lastly, stable isotope compositions of alive, 
uncrusted and dead, crusted populations are compared to stable isotope profiles of the water column measured 
from the same plankton tow collection sites to make inferences about where crusting occurs in the water column. 
By evaluating a species critical to paleoreconstructions at high latitudes, we aim to characterize the extent of 
geochemical differences between crusted and uncrusted shells, expand the analytes of interest beyond Mg/Ca 
(the focus of most studies—see Table 1), and explore the implications of such differences for paleoreconstruction.
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2. Materials and Methods
2.1. Sampling

Neogloboquadrina pachyderma were collected from two stations along the Newport Hydrographic (NH) Line off 
the Oregon coast: NH85 (44.652°N, 126.050°W) and NH45 (44.652°N, 125.117°W) in May 2022 (Figure 2). N. 
pachyderma are an asymbiotic, nonspinose taxon found abundantly in the study region when cooler waters are pres-
ent (Lane et al., 2023; Ortiz & Mix, 1992; Takagi et al., 2019), and they serve as an important species to reconstruct 
polar to subpolar paleoceanographic conditions. A 150 μm plankton tow net was used to sample the uppermost 
200 m of the water column, sampled as two continuous tows from 200 m depth to the surface. While N. pachyderma 
have been found at greater depth habitats in other regions (i.e., Greco et al., 2019), the sampling was constrained 
to the upper 200 m of the water column to ensure that we were sampling populations calcifying from the same 

Figure 1. Representative examples of (a) a mixture of live, uncrusted (LU) and dead, crusted (DC) shells in a plankton tow sample, (b) a live-caught uncrusted 
Neogloboquadrina pachyderma shell that has been cleaned to remove the colorful cytoplasm, and (c) a cleaned, dead, crusted shell of N. pachyderma. Scale bars are 
equal to 100 μm. (d) A schematic illustrating the relative position of the outer whorl chambers examined in this study.

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

Neogloboquadrina pachyderma Lower 1,3, ND 2 Lower 2 Lower 2 Lower 2 Lower 2 Lower 2

N. incompta Lower 3,4,5 – ND 2 – – –

N. pachyderma-dutertrei (P-D) intergrade Lower 5 – ND 5 – – –

N. dutertrei Lower 1,4,6,7,8 – ND 1,6 Lower 1 Lower 1,6,7 Lower 1

Globorotalia truncatulinoides Lower 4,9 – – – – –

G. inflata Lower 5,10 – ND 5,10 Lower 10 Lower 10 –

G. scitula Lower 8,10 – ND 10 Lower 10 Lower 10 –

G. tumida Lower 11,12 – ND 12 – – –

G. menardii Lower 4 – – – – –

Globogerina bulloides Lower 13 – – – – –

Trilobatus sacculifer Higher 14; Lower 1,15, ND 1,11 Higher 16 ND 1 Lower 1 Lower 1 Lower 1

Globigerinoides ruber ND 1,4 – ND 1 ND 1 ND 1 ND 1

G. conglobatus Lower 4 – – – – –

Pulleniatina obliguiloculata a Lower 8 – – – – –

Orbulina universa Lower 4 – – – – –

Note. TE/Ca comparisons are labeled as the crust calcite either being found to be lower, higher, or no difference (ND) in TE/Ca values when compared to the 
ontogenetic calcite of the same shell. References are as follows:  1Eggins et  al.  (2003);  2this study;  3Davis et  al.  (2017);  4Sadekov et  al.  (2005);  5Bolton and 
Marr (2013);  6Pena et al. (2008);  7Jonkers et al. (2012);  8Steinhardt et al. (2015);  9Duckworth (1977);  10Hathorne et al. (2009);  11Brown and Elderfield (1996);  12Branson 
et al. (2015);  13Elderfield and Ganssen (2000);  14Nürnberg et al. (1996);  15Rosenthal et al. (2000); and  16Bertlich et al. (2018).
 aThis comparison was not between the gametogenic crust and early ontogenetic calcite, but rather between the cortex and early ontogenetic calcite.

Table 1 
Summary of TE/Ca Differences Observed Between the Crust and Ontogenetic Calcites as Found in the Published Literature
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water depth and that geochemical differences between alive, uncrusted and 
dead, crusted could be directly attributed to the process of gametogenic crust 
development as opposed to any additional geochemical changes associated 
with the shells sinking through the water column (e.g., scavenging). Previous 
depth-stratified tows conducted in the study region (Ortiz et al., 1996) have 
found minor concentrations (<0.25 individuals/m 3) of N. pachyderma below 
200 m water depth. Fully mature, live specimens and recently deceased, crusted 
specimens of N. pachyderma were immediately wet picked from each tow, 
rinsed with distilled water, and placed in micropaleontological slides. Alive 
specimens were identified by their distinctive brightly colored cytoplasm and 
relatively thin shell walls, whereas the shells of recently deceased foraminifers 
were free of cytoplasm, appeared white under reflective light, and exhibited a 
thick crust (Figure 1). A total of 66 dead shells (NH85: N = 52; NH45: N = 14) 
and 55 alive shells (NH85: N = 44; NH45: N = 11) were collected.

Conductivity-temperature-depth (CTD) profilers were used to characterize the water column at each site and 
showed consistent conditions at NH85 and NH45 (Figure 3), supporting the pooling together of samples from 
both sites. Seawater samples were collected from both study sites from the following depths: 5, 25, 50, 100, 150, 
250, and 500 m, to establish stable isotope profiles. Seawater samples collected for δ 13C analysis of the dissolved 
inorganic carbon were poisoned with mercuric chloride (HgCl2) immediately upon collection. Seawater samples 
obtained for δ 18O analysis were collected in scintillation vials and capped with a positive meniscus at the top of 
each vial to avoid atmospheric exchange post-collection.

2.2. LA-ICP-MS TE/Ca Analysis

2.2.1. Sample Preparation

Prior to geochemical analyses, specimens were rinsed and oxidatively cleaned to remove remnant organic matter, 
following previously established protocols, adapted for single shells (Martin & Lea, 2002). To remove any detri-
tus, the shells were rinsed with ultrapure (milliQ) water, followed by methanol, and then given an additional rinse 
with ultrapure water. Next, shells were submerged in a 1:1 solution of 30% H2O2 buffered with 0.1 M NaOH, and 
vials were placed in a hot (65°C) water bath for 10 min. The solution was removed from the sample vials, and 
shells were rinsed three times in ultrapure water. Shells were subsequently mounted on a slide covered with strips 
of carbon tape in preparation for in situ trace element analysis.

2.2.2. LA-ICP-MS Analytical Methods

All specimens were analyzed via LA-ICP-MS to evaluate trace element geochemistry. Shells were analyzed using a 
Thermo Scientific iCAP RQ inductively coupled plasma mass spectrometer coupled to an Applied Spectra RESO-
lution laser ablation system in the Keck Collaboratory for Plasma Spectrometry at Oregon State University. Ten 

Figure 2. Bathymetric map showing the location of the two collection sites 
(NH85, NH45) off the Oregon coast. Distance scale bar is in kilometers (km).

Figure 3. Profiles of the uppermost 500 m of the water column from NH85 (solid line) and NH45 (dashed line) showing the (a) temperature, (b) salinity, (c) 
chlorophyll content, and (d) dissolved oxygen measured from CTD casts on the day of plankton tow collections.
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isotopes were measured with the following seven isotopes evaluated herein:  23Na,  24 Mg,  43Ca,  55Mn,  66Zn,  88Sr, 
and  138Ba. Isotopes were measured using a rapid peak-hopping procedure with the following dwell times for each 
isotope:  23Na = 0.04 s,  24 Mg = 0.02 s,  43Ca = 0.01 s,  55Mn = 0.05 s,  66Zn = 0.05 s,  88Sr = 0.02 s, and  138Ba = 0.05 s. 
Shells were ablated from the outer shell surface through to the interior of the shell at a repetition rate of 5 Hz and 
a laser energy of 4.0 mJ attenuated by 75%–87.5%, focused upon 24–38 μm spot sizes. The last four chambers 
in the final whorl, F0 (ultimate chamber) to F3 (Figure 1d), were analyzed with repeated analysis on at least one 
chamber per specimen to assess reproducibility (Table S1 in Supporting Information S1). Shell averages reported 
herein were calculated by first averaging repeated analyses on single chambers, followed by equal-weight averag-
ing of the chamber averages. In <6% of the specimens, the F3 chamber was too small or not accessible due to the 
orientation of the specimen on the tape, and thus was not analyzed or included in the calculation of the whole-shell 
value. Analysis of shells was periodically bracketed by analysis of three standard reference materials (SRM): NIST 
glasses 610 and 612, and the USGS standard MACS-3. Each standard was ablated for 60 s at an energy of 5.00 mJ 
using a 50 μm spot size. All element concentrations were determined using NIST 610 and NIST 612, however due 
to consistent Na concentrations found in NIST glasses, Na was evaluated using the NIST 610 and MACS-3 SRMs. 
Elemental calibrations of SRMs measured throughout the analysis session yielded r 2 ≥ 0.99.

2.2.3. Data Analysis Methods

LA-ICP-MS data were processed using the Python package LA-Tools (Branson et al., 2019) which follows estab-
lished data reduction protocols (Longerich et al., 1996). Data processing protocols include despiking and signal 
smoothing to remove outliers, evaluating and applying any necessary drift correction using the bracketing SRM 
analyses, and removing average background counts from each data point. The mean TE/Ca for each profile (i.e., 
individual chamber analysis) is then calculated by normalizing to the known trace element concentrations of the 
drift-corrected SRM standards (Jochum et al., 2011).

Several approaches were employed to investigate differences between whole-shell, intrashell, and 
chamber-to-chamber variability. The distributions of whole-shell and individual chamber (i.e., F0, F1, F2, 
F3; Figure 1d) TE/Ca values were compared between the uncrusted (alive upon collection) and crusted (dead) 
shells. A Shapiro-Wilks test determined that nearly every population was nonnormally distributed, and thus a 
Mann-Whitney test was used to evaluate if the uncrusted versus crusted trace element chemistries were statisti-
cally significantly different (denoted by a red star in Figure 4).

The intrashell depth profiles are used to explore intrashell TE variability and reflect changes in trace element 
geochemistry as the laser ablated from the outside of the shell through the shell wall (e.g., Figure 5). To aid in 
the interpretation of the intrashell geochemical variability on a population scale, the TE/Ca data from the depth 
profiles were plotted on a 1:1 plot, where the average of the outer 50% of the data from each individual depth profile 
(reflecting mostly crust calcite, if present) was plotted against the inner 50% average of data obtained from the same 
specimen (reflective of the ontogenetic calcite) (Figures S1 and S2 in Supporting Information S1). The difference in 
TE/Ca between the inner 50% and outer 50% of each depth profile (∆TE/Cainner-outer) was calculated and plotted rela-
tive to a zero line (Figure 6). If the inner, ontogenetic calcite is more enriched in a given TE, the difference will plot 
above the zero line in Figure 6 (above the 1:1 line in Figures S1 and S2 in Supporting Information S1). If the outer, 
crust calcite yields higher TE concentrations, the inner-outer difference will plot below the zero line in Figure 6 
(below the 1:1 line in Figures S1 and S2 in Supporting Information S1). If there are no distinct differences in the 
concentration of a given TE between the inner and outer calcites, values will plot near or on the zero line in Figure 6 
(on or near the 1:1 line in Figures S1 and S2 in Supporting Information S1). The distributions for whole-shell values 
for the alive, uncrusted shells are compared to the distributions of the inner 50% spectral averages and outer 50% 
spectral averages of the dead crusted shells (Figure 7). Inner 50% chamber spectral averages, outer 50% chamber 
spectral averages, TE/Ca shell averages, and full TE/Ca spectra can be found in Hupp and Fehrenbacher (2023).

2.3. Stable Isotope (δ 13C and δ 18O) Analysis

2.3.1. Stable Isotope (δ 13C and δ 18O) Analysis of Foraminiferal Shells

Study specimens were analyzed for stable carbon (δ 13C) and oxygen (δ 18O) isotopes following completion of 
LA-ICP-MS analysis. Stable isotope measurements were performed at the Oregon State University Stable Isotope 
Laboratory using a Thermo Scientific Kiel IV carbonate device interfaced to a Thermo Scientific MAT 253 
dual-inlet gas-source isotope ratio mass spectrometer. Two to three foraminiferal shells of the same life stage 
(dead versus live) were pooled together for each individual stable isotope analysis due to low masses. In total, 
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Figure 4. Boxplots showing the distributions of N. pachyderma TE/Ca data from each individual chamber in the final whorl (F0, F1, F2, F3) and the whole-shell 
average for the alive-caught, uncrusted shells (pink) and dead, crusted shells (blue). (a) Mg/Ca, (b) Ba/Ca, (c) Na/Ca, (d) Mn/Ca, (e) Sr/Ca, and (f) Zn/Ca. Red stars 
denote significant differences between the crusted and uncrusted populations (Mann-Whitney test, p-value < 0.05).
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23 separate analyses of dead foraminifera and 19 separate analyses of shells of alive specimens were conducted. 
Replicate analyses of NBS19 (δ 13C = 1.95‰ VPDB, δ 18O = −2.2‰ VPDB) and in-house standard CaCO3 
standard “Wiley” (δ 13C = −0.41‰ VPDB, δ 18O = −7.20‰ VPDB) resulted in an analytical precision (1SD) 
of ≤0.05‰ and ≤0.08‰ for δ 13C and δ 18O, respectively. All shell stable isotope data can be found in Hupp and 
Fehrenbacher (2023).

2.3.2. Stable Isotope Analysis of Dissolved Inorganic Carbon (δ 13CDIC) and Seawater (δ 18Osw)

Seawater samples were collected from the two study sites for comparison between the isotope signatures recorded 
by the shells and isotope profiles of the water column (Figures 8 and 9). Seawater samples were analyzed in the 
Stable Isotope Laboratory at Oregon State University. The carbon isotope analysis of the dissolved organic carbon 
of seawater (δ 13CDIC) was analyzed using a Thermo Scientific Delta V isotope ratio mass spectrometer fitted to 
a gas bench. For each sample 1 mL of seawater was injected into a sealed, helium-flushed vial. Prior to analysis, 
100 μL of 85% H3PO4 were injected into the sample vial and left to equilibrate for 8 hr. Two standards were 
analyzed over the course of each run to check stability and calibrate reference gases: an in-house Wiley standard 
and 0.7 mL of 3 mM NaHCO3. Repeated analysis of standards resulted in an analytical error (standard deviation) 
for δ 13C of ±0.03‰. All δ 13CDIC data are reported relative to VPDB (Figure 8 and Table 2).

Oxygen isotope analysis of seawater (δ 18Osw) samples were conducted using a Thermo Scientific Delta PlusXL 
mass spectrometer with a water equilibration system. Seawater samples were calibrated using three internal 
standards (“LROSS-6,” δ 18O = −10.97‰; “HOT-4,” δ 18O = −0.17‰; “Seawater,” δ 18O = −0.55‰) scattered 
throughout and bracketing each run. The isotopic compositions of LROSS-6 and HOT-4 internal standards have 
been calibrated using the international standards VSMOW, GISP, and SLAP. Samples were analyzed using the 
CO2 equilibration method and dual-inlet isotope ratio mass spectrometry, with an analytical error (standard 

Figure 5. Example TE/Ca depth profile for (a and b) a crusted specimen (Shell #100, F2 chamber) and (c and d) an uncrusted specimen (Shell #4, F2 chamber).
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Figure 6. Boxplots showing the ∆TE/Cainner-outer distributions, where ∆TE/Cainner-outer values are calculated as the difference between the average inner 50% of a TE/
Ca spectrum minus the average of the outer 50% of the same TE/Ca spectrum for each chamber of a given shell. (a) Mg/Ca, (b) Ba/Ca, (c) Na/Ca, (d) Mn/Ca, (e) Sr/Ca, 
and (f) Zn/Ca. Distributions derived from uncrusted shells are shown in pink whereas distributions of crusted shells are shown in blue.
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deviation of repeated standard runs) of ±0.05‰. All δ 18Osw data are reported relative to VSMOW in Table 2. The 
predicted δ 18O for calcite precipitated at equilibrium from seawater (δ 18Ocalcite) was calculated for comparison 
to the δ 18O values of the foraminiferal shells. The predicted δ 18Ocalcite value for each water depth (Table 2) was 
calculated using the seawater temperature (from the CTD cast), the measured δ 18Osw values, and the following 
precipitation equilibrium equation from Kim and O'Neil (1997):

Figure 7. Boxplots of whole-shell average (a) Mg/Ca, (b) Na/Ca, (c) Sr/Ca, (d) Ba/Ca, (e) Mn/Ca, and (f) Zn/Ca values of uncrusted shells (yellow) to the inner 50% 
average (blue) and outer 50% average (purple) of the crusted shells. Significant differences were denoted with a red star (Mann-Whitney test, p-value < 0.05).
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Figure 8. Boxplots of stable (a) carbon (δ 13C) and (b) oxygen (δ 18O) isotope values for the uncrusted (pink) and crusted 
(blue) shells. The uncrusted and crusted populations were found to be significantly different (Student's t-test) in both their 
carbon and oxygen isotopic compositions, as denoted by the red stars. (c) A cross plot of the carbon and oxygen isotope 
values for uncrusted shells (pink circles) and crusted shells (blue circles), and the δ 13CDIC and δ 18Ocalcite measured or 
calculated, respectively, from the water samples collected from NH45 (black diamonds) and NH85 (white diamonds). The 
numbers labeling each diamond denote the depth (m) at which the water sample was collected. The δ 18Ocalcite values in panel 
(c) are the predicted δ 18O of calcite precipitated under equilibrium at each water depth as determined from measured δ 18Osw 
and temperature, using the Kim and O'Neil (1997) equation. Note that each shell data point represents an analysis of two to 
three shells of the same life stage (dead versus live) from the same plankton tow that were pooled together.

Figure 9. Comparison of (a) carbon and (b) oxygen isotope data of crusted (blue boxplots) and uncrusted (pink boxplots) 
shells to the δ 13CDIC and δ 18Ocalcite profiles. The δ 18O equilibrium calcite profile was calculated using the equation from Kim 
and O'Neil (1997). Red dots and associated labels demarcate the depth of crusting assuming various mixing scenarios of crust 
and ontogenetic calcite (Section 4.2). Mixing scenarios and estimated depths of crusting using the δ 13C data are included as 
an inlayed table in panel (a).
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1, 000 ln 𝛼𝛼(Calcite –H2O) = 18.03
(

10
3
𝑇𝑇

−1
)

– 32.42 (1)

where T is in kelvin and α is the fractionation factor. Values produced by Equation 1 are determined relative to 
the VSMOW scale, and were subsequently converted to the PDB scale for direct comparison to the measured 
δ 18OFORAM values using the following equation from Coplen et al. (1983):

𝛿𝛿
18O(‰ PDB) = 0.97002 × 𝛿𝛿

18O(‰ VSMOW) – 29.98 (2)

Most paleoceanographic studies utilizing N. pachyderma use either the Kim and O'Neil  (1997) or O'Neil 
et al. (1969) equations (Kozdon et al., 2009), thus the Kim and O'Neil (1997) equation was employed to recon-
struct predicted equilibrium calcite oxygen isotope values shown herein.

3. Results
3.1. Whole-Shell and Individual Chamber TE Differences

Mg/Ca values were similar in the crusted and uncrusted shells, both in their whole-shell and individual chamber 
distributions (Figure  4a). Zn/Ca ratios also displayed overlapping distributions between the two populations, 
however, the distributions of values for the uncrusted shells were skewed to higher values than the distributions 
derived from the crusted shells (Figure 4f). Only Zn/Ca values from the F3 chamber were found to be signifi-
cantly different between the crusted and uncrusted populations.

The four remaining elemental ratios, Ba/Ca, Na/Ca, Mn/Ca, and Sr/Ca, all show distinct differences between the 
crusted and uncrusted shells. The uncrusted shells record significantly higher TE/Ca compositions compared to 
the crusted shells (Figure 4). When observing TE/Ca differences in individual chambers, significant differences 
between the crusted and uncrusted shells are also found; however, these differences tend to increase in sequen-
tially older chambers. For example, the Sr/Ca difference between the uncrusted and crusted population means 
increase from 0.011 mmol/mol to 0.031 mmol/mol to 0.075 mmol/mol to 0.080 mmol/mol for the F0, F1, F2, 
and F3 chambers, respectively (Figure 4e). A similar increase is observed in Ba/Ca, Na/Ca, and Mn/Ca. All Ba/
Ca (Figure 4b) and Na/Ca (Figure 4c) chamber populations were statistically different between the crusted and 
uncrusted shells. The F1, F2, and F3 chambers recorded significant differences in Sr/Ca, and the F2 and F3 

Site
Latitude 

(°N)
Longitude 

(°W)
Depth 

sampled (m)
δ 13CDIC (‰ 

VPDB)
δ 18Osw (‰ 
VSMOW)

Temperature 
(°C)

Calculated equilibrium 
calcite δ 18Ocalcite (‰ 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 126.050 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

Note. Temperatures measured from the CTD and predicted δ 18O values for equilibrium calcite (δ 18Ocalcite) using the equation 
from Kim and O'Neil (1997) are also shown.

Table 2 
Carbon (δ 13CDIC) and Oxygen (δ 18Osw) Isotope Values Measured From the Seawater Samples Collected From Each Site
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chambers recorded significant differences in Mn/Ca. Statistically significant differences were determined using a 
Mann-Whitney test (p-values < 0.05) and are marked with an asterisk (Figure 4).

3.2. Intrashell Trace Element Variability

Distributions of ∆TE/Cainner-outer values (where ∆TE/Cainner-outer = Avg(TE/Ca)inner50% − Avg(TE/Ca)outer50%) provide 
insight into how the crusted and uncrusted intrashell geochemistry differ on three fronts: (a) ∆TE/Cainner-outer show if 
a portion (i.e., inner 50% or outer 50%) of the shell wall is more enriched in a TE compared to the remainder of the 
shell wall, (b) the magnitude of TE enrichment within a portion of the shell wall as identified by distributions of ∆TE/
Cainner-outer values can be compared between crusted and uncrusted populations, and (c) the chamber-to-chamber varia-
bility in ∆TE/Cainner-outer values can be examined. Here, we will review each of these results for the examined analytes. 
Differences between distributions will be described primarily via a comparison of the innermost quartile ranges.

Differences in Mg/Ca between the inner and outer calcite (∆Mg/Cainner-outer) tend to be minimal for the uncrusted 
shells, as indicated by the overlap of ∆TE/Cainner-outer distributions with the line of equality or “0” line. In contrast, 
the crusted shells consistently have positive ∆Mg/Cainner-outer values that increase in progressively older chambers 
(Figure 6a). Both the crusted and uncrusted N. pachyderma shells have enriched Ba/Ca values in the inner calcite, 
though the ∆Ba/Cainner-outer values tend to deviate farther from the line of equality in crusted shells (Figure 6b). 
Nearly all chambers show higher Na/Ca in the inner chamber calcite in both crusted and uncrusted shells, as proven 
by the distinctly positive ∆TE/Cainner-outer distributions (Figure 6c). Only the F0 chamber in the uncrusted shells 
lacks a ∆Na/Cainner-outer difference. The ∆Na/Cainner-outer values increases markedly in sequentially older cham-
bers. There is only a slight ∆Mn/Cainner-outer difference in uncrusted shells (Figure 6d). Conversely, crusted shells 
have a positive ∆Mn/Cainner-outer difference in all chambers. The ∆Sr/Cainner-outer values show chamber-to-chamber 
patterns like those observed with Na/Ca, where ∆Sr/Cainner-outer values increase in progressively older chambers 
in both the crusted and uncrusted shells (Figures 6c and 6e). However, differences in the distribution of ∆Sr/
Cainner-outer values between the youngest (F0) and oldest (F3) chambers is greater among the alive, uncrusted shells 
when compared to the crusted shells. The F0 and F1 chambers of the uncrusted shells tend to record similar Sr/Ca 
in the inner and outer halves of the shell wall, whereas the F2 and F3 chambers tend to record higher Sr/Ca in the 
inner chamber wall. Crusted shells show slight Sr/Ca enrichment in the outer calcite in the F0 chamber and Sr/
Ca enrichment in the inner calcite in the F1, F2, and F3 chambers. Zn/Ca is higher in the inner shell wall of both 
crusted and uncrusted shells; however, crusted shells record consistently more positive ∆Zn/Cainner-outer values 
than their uncrusted counterparts (Figure 6f). Chamber-to-chamber variability in Zn/Ca is minimal.

The inner 50% of the crusted specimens, primarily composed of early ontogenetic calcite, should be most similar 
in composition to the uncrusted specimens, which are composed of only early ontogenetic calcite, with little or 
no crust calcite. A comparison of uncrusted whole-shell TE/Ca data to the TE/Ca data from the inner 50% of 
the crusted shells demonstrates this similarity (Figure 7). For most TEs, the TE/Ca distributions of the inner 
50% of the crusted shells are statistically similar to the TE/Ca distributions of the uncrusted, whole-shell values. 
Conversely, the outer 50% of the dead, crusted shells are significantly different than the alive, uncrusted shells, 
recording consistently lower TE concentrations. Only in the case of Sr/Ca are both the crusted inner 50% and 
outer 50% values significantly different than the uncrusted, whole-shell values (Figure 7c).

3.3. Stable Isotope (δ 13C and δ 18O) Differences Between Crusted and Uncrusted Shell Populations

Uncrusted shells generally record higher carbon isotope values and lower oxygen isotope values compared to 
the crusted shells retrieved from the surface ocean environment (Figure 8). Carbon isotope values for the alive, 
uncrusted shells range from 0.63‰ to −0.07‰ with an average value of 0.25‰ whereas δ 13C values for the dead, 
crusted shells range from 0.29‰ to −0.28‰ with an average of −0.05‰ (Figure 8a). Oxygen isotope values range 
from 0.56‰ to −0.14‰ for uncrusted shells, with an average of 0.12‰, and values range from 0.89‰ to 0.06‰ 
for crusted shells, with an average of 0.37‰ (Figure 8b). Differences in isotopic composition between the crusted 
and uncrusted shells are statistically significant for both δ 13C and δ 18O (Student's t-test; δ 13C, p-value << 0.001).

4. Discussion
4.1. Trace Element Variability in Crusted and Uncrusted Specimens

The whole-shell average Ba/Ca, Na/Ca, Mn/Ca, and Sr/Ca are significantly higher in the uncrusted shells of N. 
pachyderma compared to crusted shells recovered from the same surface ocean plankton tows (Figures 4b–4e). 
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Inner calcite TE enrichment (i.e., more positive ∆TE/Cainner-outer) is present in both crusted and uncrusted shells 
but is more pronounced in the crusted specimens (Figure 6). Mg/Ca and Zn/Ca are not significantly different in 
the uncrusted versus crusted specimens, but the range of values recorded in uncrusted shells is skewed toward 
higher ratios compared to the crusted shells (Figures 4a and 4f). Comparison of the outer 50% spectral averages 
(i.e., dominantly crust calcite) to whole-shell uncrusted TE values show a significant TE depletion in the crust 
calcite (Figure 7). Thus, differences in whole-shell trace element geochemistry, and the positive ∆TE/Cainner-outer 
values, are attributed to the low TE-bearing crust calcite, which lowers the overall whole-shell average TE/
Ca ratios (Figure 6). The crust, which tends to grow thicker on the progressively older chambers, is also likely 
responsible for the larger ∆TE/Cainner-outer differences in progressively older chambers (e.g., Figures 4b–4e and 6; 
Fehrenbacher et al., 2017; Sadekov et al., 2005).

High-resolution analyses from fossil specimens demonstrate that nearly all TEs in early ontogenetic calcite are 
elevated compared to crusted calcite whereas the outer crust is generally more homogeneous, with overall lower 
trace element ratios (Hathorne et al., 2009; Jonkers et al., 2016; Sadekov et al., 2005; Steinhardt et al., 2015; 
Table 1). The ontogenetic TE-enriched calcite often appears “banded,” with alternating high and low interca-
lated calcite “layers” (Bonnin et al., 2019; Hathorne et al., 2009; Sadekov et al., 2005; Steinhardt et al., 2015). 
The higher ratios of these elements in the innermost chamber walls could be related to the presence of organic 
layers embedded in the shell wall that form with chamber growth and thickening processes. Chamber formation 
processes are variable amongst different species but share a common feature: as the chambers are added and/
or thickened during early ontogeny, organic membranes form between the thin calcite layers. The initial calcite 
that forms adjacent to the organic membrane is often enriched in TEs (Bonnin et al., 2019; Cuif et al., 2012; 
Fehrenbacher et al., 2017; Richey et al., 2022). The mechanism responsible for the enriched TEs associated with 
the organic membranes is poorly constrained but may be linked to processes responsible for nucleating calcite on 
the organic templates (Branson et al., 2019).

The higher ratios in the inner calcite could also reflect variable conditions in the microhabitat surrounding the 
shells during early ontogeny. The microhabitat is a complicated space that has remarkably different chemis-
try compared to the adjacent seawater (Jørgensen et  al.,  1985; Rink et  al.,  1998). First, foraminifera respire, 
which likely modulates the carbonate chemistry and oxygen concentration in the microenvironment around their 
shells. Studies have also demonstrated that foraminifera increase the pH in the microenvironment during cham-
ber formation (de Nooijer et al., 2008, 2009). For species with algal symbionts, the changes in pH and oxygen 
are even more pronounced due to diurnal algal photosynthesis cycles (Jørgensen et al., 1985; Köhler-Rink & 
Kühl, 2000). While our study species is asymbiotic and thus is not affected by photosynthetic cycles, there is 
growing evidence that nonspinose foraminifera, including N. pachyderma, calcify within a particulate organic 
microhabitat, such as marine snow, during early ontogeny (Fehrenbacher et al., 2018; Fritz-Endres et al., 2022; 
Greco et al., 2019; Richey et al., 2022). Marine snow can have highly variable pH, oxygen concentrations, and 
even different seawater trace element compositions (Alldredge & Cohen, 1987; Hebel et al., 1986). During peri-
ods of high productivity, calcification within marine snow can be more common, resulting in higher Ba/Ca ratios 
among nonspinose foraminifera (Fritz-Endres et al., 2022). However, the specimens examined in this study were 
captured during a period of relatively low productivity (i.e., chlorophyll a <0.25 mg/m 3; Figure 3) and so we do 
not find high Ba/Ca compositions like those observed in other studies of nonspinose foraminifera (Fehrenbacher 
et al., 2017; Richey et al., 2022). Although the exact mechanism responsible for differences in the geochemistry 
of the early ontogenetic calcite and the outer crust is not well constrained, results herein confirm that the inner 
calcite of N. pachyderma has consistently enriched TEs whereas the crust calcite consistently records lower trace 
elements (Figures 4, 6, and 7).

Crust formation remains an enigmatic process (Hamilton et al., 2008). Why are trace elements lower in crust 
calcite when compared to the early ontogenetic calcite? Moreover, why does the crust lack TE variability? 
Although it is widely accepted that foraminifera crusting occurs during late ontogeny, and typically during 
or just prior to gametogenesis, the mechanisms modulating TE incorporation during this process are not well 
constrained. In the foraminiferal species Orbulina universa and Neogloboquadrina dutertrei, it has been shown 
that calcite that forms during the day has lower Mg/Ca ratios compared to calcite that forms at night. If the crust 
forms rapidly, and during daylight hours, this may be responsible for the low TE composition of the crust calcite 
(Fehrenbacher et al., 2017; Spero et al., 2015). Culture studies using foraminiferal species that have been shown 
to generate crust in culture, like Neogloboquadrina incompta (Davis et al., 2017), could shed further light on TE 
incorporation processes during crusting.
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Intrashell variability was evaluated by examining chamber-to-chamber variability and ∆TE/Cainner-outer gradients. 
∆TE/Cainner-outer gradients were used to determine if the outer crusted calcite recorded relatively lower TE concen-
trations. While this is a useful tactic to evaluate the general chemical distribution in the crust versus ontogenetic 
calcite on a population scale, it inherently simplifies the structure of TE variability in the shell wall. For example, 
in Figure 5a, Zn/Ca is consistently low in the outer 50% of the spectrum whereas it increases to a distinct peak in 
the inner 50% of the spectrum. The general structure of Zn/Ca observed in Figure 5a supports an idealized view 
of a “low TE” crust that appears to be clearly distinguishable from the inner ontogenetic calcite. However, Ba/
Ca of the same shell (Figure 5b) shows several bands of fluctuating high and low Ba/Ca throughout the entire 
spectrum, although when calculated the average of the inner 50% of the spectrum is higher than the average of 
the outer 50%. While these observations do not hinder the interpretations described herein, it is worth noting that 
intrashell TE variability is simply more complex than the ∆TE/Cainner-outer gradients that were employed to assess 
it. However, comparison of representative TE/Ca spectra from a crusted specimen and an uncrusted specimen 
(Figure 5) shows that greater variability is found throughout the depth profile in uncrusted specimens, whereas 
inner-outer TE differences are generally more visually apparent in crusted specimens.

4.2. Habitat Depth and Crust Formation: Insights From Stable Isotopes

While the planktic foraminiferal life-cycle and preferred habitat depth is an ongoing area of research (e.g., 
Meilland et al., 2021), it is generally believed that many species of foraminifera undergo gametogenesis and grow 
the associated crust at depths deeper than their typical, average, living depth habitat (Bauch et al., 2002; Duplessy 
et  al.,  1981; Hemleben et  al.,  1989; Schiebel & Hemleben,  2017). Stable isotope data from the crusted and 
uncrusted shell populations presented herein support this notion. The uncrusted shells record higher δ 13C values 
and lower δ 18O values compared to crusted shells acquired from the same plankton tows (Figure 8). These differ-
ences suggest that N. pachyderma live in the  13C-enriched, warmer waters of the upper surface ocean during early 
ontogeny and develop the late gametogenic crust deeper in the water column. The relatively cooler temperatures 
are responsible for the higher δ 18O signature of the crusted specimens while the increase in organic matter decom-
position in deeper water lowers the seawater δ 13CDIC, thereby also lowering the δ 13CFORAM (i.e., shell) composi-
tion. Similar relative differences have been found in isotopic comparisons of crusted and uncrusted shells of both 
spinose (Blanc & Bé, 1981; Mulitza et al., 1997; Schweitzer & Lohmann, 1991; Vergnaud Grazzini, 1976) and 
nonspinose (Bauch et al., 2002; Kozdon et al., 2009; Livsey et al., 2020) species.

The δ 13C values recorded by both crusted and uncrusted shells are within the range of δ 13CDIC values meas-
ured from the upper water column, suggesting that the N. pachyderma examined herein were collected during 
a low productivity period and grew their shells in equilibrium with seawater δ 13CDIC. A similar observation is 
made when comparing the δ 18OFORAM population distribution to the δ 18O profile of predicted equilibrium calcite 
(Figures 8 and 9). We therefore argue that comparisons between shell and water isotope geochemistry can be used 
to make inferences about the living depth habitat and depth of crusting (Figure 9). The uncrusted δ 13CFORAM values 
suggest that these foraminifera calcified between ∼45 and 85 m below the surface during their lifetime. The distri-
bution of the crusted shells aligns with δ 13CDIC signatures found at depths of ∼73–102 m. However, crusted shells 
are a mixture of ontogenetic calcite and crust calcite. If we assume that the average δ 13C value of the living shell 
distribution is representative of the ontogenetic calcite shell (δ 13Conto = 0.24‰) and use the average δ 13C value 
of the crusted shells as our “mixed” signature (δ 13Ccrusted = −0.05‰), we can determine potential crusting depths 
by modeling various scenarios of % crust and % ontogenetic calcite (Figure 9a). For example, if the crusted shells 
were a mixture of 70% crust calcite and 30% ontogenetic calcite, the crust calcite would need to have been added 
at a depth of ∼92 m where the δ 13CDIC is −0.17‰. Conversely, if crusted shells were composed of 40% crust 
calcite and 60% ontogenetic calcite, the crust would need to be added near a depth of ∼227 m where the δ 13CDIC 
is −0.49‰. A 30% crust calcite/70% ontogenetic calcite mixture would require the crust calcite end-member to 
have a δ 13C signature of −0.73‰ which is below the minimum δ 13CDIC values recorded in the upper 500 m of the 
water column. These mixing scenarios, in combination with the fact that all shells were collected from the upper-
most 200 m of the water column, suggest that shells are composed of between 40% and 70% crust calcite, and that 
crusting likely occurs between ∼100 and 200 m below the surface. Estimates of crust volume interpreted here are 
consistent with SEM imaging of shell cross sections and mass-balance calculations derived from weight compar-
isons of crusted and uncrusted shells where the crust calcite has been found to compose anywhere from ∼30% to 
70% of the total shell volume (Bauch et al., 2002; Bé, 1980; Bolton & Marr, 2013; Mulitza et al., 1997). The depth 
of crusting determined herein is also consistent with observations of N. pachyderma from plankton tow studies in 



Paleoceanography and Paleoclimatology

HUPP AND FEHRENBACHER

10.1029/2023PA004638

15 of 19

the Okhotsk Sea (Bauch et al., 2002) but is shallower then crusting depths found in the Labrador Sea, Greenland 
Sea, and Fram Strait (∼200–400 m; Kozdon et al., 2009; Stangeew, 2001). Studies of N. pachyderma populations 
throughout the Arctic have found depth habitats (calculated as the abundance-weighted mean depth determined 
using the midpoints of the collection intervals) ranging from 25 to 280 m water depth (Greco et al., 2019). Sparse 
depth-stratified assemblage data published for the study region (Ortiz et al., 1996) have found specimens living 
dominantly within the upper 200 m of the water column, with shells found below 200 m representing a settling 
flux of dead shells. The variable depth at which crust forms is likely driven simply by hydrographic conditions, 
which will differ across study regions.

Comparisons of the δ 18OFORAM range to the δ 18O profile predicted from calcification at equilibrium with seawater 
produces an estimated living depth habitat of ∼30–68 m. If we employ a similar mixing model approach using 
the average δ 18O of the uncrusted shells (δ 18Oonto= 0.08‰) as the ontogenetic calcite end-member and the aver-
age δ 18O of the crusted shells as the “mixed” signature, crusting mixtures of ≥20% provide reasonable crusting 
depths near or within the uppermost 200 m of the water column.

While the δ 13C mixing model provides a first approximation of crusting depths, it is possible that the foraminife-
ral calcite may not be directly recording the δ 13CDIC. Isotopic investigations of N. pachyderma from the Okhotsk 
Sea have recognized offsets between δ 13CDIC and δ 13Cshell that were attributed to grow under lower carbonate ion 
concentrations (i.e., the “carbonate ion effect” (Bauch et al., 2002; Spero et al., 1997)). However, consistency in 
the interpreted living depth habitats interpolated from both the δ 13C and δ 18O shell distributions provides some 
confidence that the foraminiferal δ 13C is not strongly affected by carbonate ion concentration in our study region.

4.3. Crusting in Planktic Foraminifera: Implications for Paleoreconstruction

Intrashell TE variability has been widely explored in many planktic foraminiferal species using an array of tech-
niques including LA-ICP-MS and electron microprobe mapping, among others (Table 1 and references therein). 
Together, this body of literature suggests that for most planktic foraminiferal taxa the crust portions of foraminif-
eral shells tend to record lower trace elements, leading to overall lower whole-shell trace element concentrations 
in crusted shells. These previous studies have generally focused on Mg/Ca variability and evaluations derived 
from a few individuals. Here, we expand the investigated elements and work to constrain patterns observed 
consistently in a larger population to better understand trace element incorporation for a single, critically impor-
tant foraminiferal species. Population-scale geochemical TE/Ca variability, statistically robust evaluations of 
intrashell variability, and associated differences between crusted and uncrusted shell populations collected from 
the same plankton tows in the upper surface ocean demonstrate how shell geochemistry changes in association 
with gametogenic crust formation. Results serve as a baseline for comparison to regional sediment trap and core-
top studies to better delineate geochemical changes that occur between initial calcification in the water column 
and fossilization on the seafloor.

A few observations presented herein deviate from precursor studies. While Mg/Ca has been found to generally 
be lower in crust calcite when compared to ontogenetic calcite for most taxa (Table 1), we do not find signif-
icant differences when comparing Mg/Ca values derived from uncrusted and crusted shells of N. pachyderma 
(Figures 4a and 6a). Significant differences in Mg/Ca are found when comparing the outer 50% of the crusted 
shells to the uncrusted whole-shell values (Figure 7a), but the translation of these differences into whole-shell 
values does not appear to produce a vital effect that would affect temperature estimates derived from these shells. 
The small differences in Mg/Ca between the crust and ontogenetic portions of the shells may be supportive of 
either (a) interpretation that these shells are minimally crusted or conversely, (b) that crusting is occurring over a 
small temperature gradient between living depth and crusting depth. Specimens that calcify when there is a larger 
temperature gradient over the depth habitat range may have larger Mg/Ca differences in ontogenetic versus crust 
calcite. It has also been argued that the depth of crusting varies for a foraminifer following gametogenesis, as 
interpreted by chamber-to-chamber differences observed in Mg/Ca in studies of N. dutertrei (Jonkers et al., 2012). 
Yet TE/Ca content in crusted specimens of N. pachyderma examined in this study record very similar Mg/Ca 
distributions in the penultimate and preceding chambers (i.e., F1–F3 chambers; Figure 4) suggesting rapid crust 
development occurring at a consistent depth. Although we do not find distinct differences in Mg/Ca between 
crusted and uncrusted individuals collected via plankton tow, there is a potential for Mg/Ca alteration of shells 
to occur while settling through the water column and/or upon deposition to the seafloor (Dekens et al., 2002; 
Sadekov et al., 2010; Wycech et al., 2016). Precipitation of secondary diagenetic calcite at lower temperatures, 
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such as those found along the seafloor, would further increase the relative volume of low-Mg calcite in the shells 
of fossil foraminifers.

There is growing interest in understanding mechanisms responsible for the incorporation of the elements Na, 
Mn, Zn, and Ba, because of their potential utility in paleoclimate as proxies for salinity, oxygenation, water 
mass tracing, and paleoproductivity, respectively (Bertlich et al., 2018; Bryan & Marchitto, 2010; Fehrenbacher 
et al., 2018; Fritz-Endres et al., 2022; Marchitto et al., 2000; Mezger et al., 2016; Steinhardt et al., 2014; Watkins 
et al., 2021; Wit et al., 2013). For N. pachyderma, results herein demonstrate that these elements are highly vari-
able in the early ontogenetic calcite and that the crust calcite has overall lower TE/Ca ratios. Culture experiments 
remain invaluable for understanding mechanisms responsible for the incorporation of these elements. However, 
for species that form crusts, crusted plankton tow, sediment trap, and seafloor specimens may be better suited 
for the generation of TE-environment calibrations that can be applied to downcore reconstructions. Depending 
on the region, crusted shells are more likely to be preserved in the fossil record (Caron et al., 1990; Johnstone 
et al., 2010), and thus in these cases, calibrations to appropriately assess their geochemistry should be prioritized.

5. Conclusions
Culturing studies of foraminifera have been invaluable to the field of paleoceanographic proxy development 
(Schiebel & Hemleben, 2017); however, culturing of planktic foraminifera is not without its hardships. Previous 
culturing studies of neogloboquadrinids have noted difficulty in getting foraminifera to develop thick crusts simi-
lar to those found in nature (Davis et al., 2017; Fehrenbacher et al., 2017). Here, we examine trace element (Mg/
Ca, Na/Ca, Sr/Ca, Ba/Ca, Mn/Ca, Zn/Ca) and stable isotope (δ 13C, δ 18O) geochemistry of crusted and uncrusted 
shells of N. pachyderma collected from the same surface ocean plankton tows to investigate potential vital effects 
associated with the development of gametogenic crusts. Results herein show that for most TEs (Na, Sr, Ba, Mn), 
TE/Ca values are significantly higher in uncrusted shells when compared to crusted shells. Whole-shell TE values 
are lower for crusted shells due to the inclusion of low TE-bearing crust. Stable isotope comparisons of foraminif-
eral shells to ambient seawater indicate that N. pachyderma live within the uppermost 90 m of the water column. 
We have estimated that the crust composes ∼40%–70% of the shell volume in crusted shells, and that crusting 
occurs between ∼100 and 200 m water depth. If TE/Ca culture calibrations are established from TE-enriched 
uncrusted or weakly crusted shells and applied to crusted fossil shells, the associated paleoreconstructions will 
inherently produce attenuated climate signals. We therefore recommend (a) using calibrations established from 
crusted specimens to evaluate fossil records; or (b) that calibrations based on ontogenetic calcite should be only 
applied to the ontogenetic portions of fossil specimens using LA-ICP-MS profiling, as previously suggested by 
Davis et al. (2017).

Data Availability Statement
All data referenced herein are available from the Dryad Data Repository at Hupp and Fehrenbacher (2023).
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