
1. Introduction
The geochemistry of planktic foraminifera shells is a critical tool used to reconstruct paleotemperature (Mg/
Ca; Anand et al., 2003; Dekens et al., 2002; D. W. Lea et al., 1999; von Langen et al., 2005), redox conditions 
(Mn/Ca; Glock et al., 2012; Groeneveld et al., 2018; Klinkhammer et al., 2009; Petersen et al., 2019; Skinner 
et al., 2019), freshwater flux and salinity (Ba/Ca; Bahr et al., 2013; Evans et al., 2015; Hall & Chan, 2004; 
Hoffmann et al., 2014; Setiawan et al., 2017; Weldeab et al., 2007a; 2014), and nutrients (Mn/Ca; Zn/Ca; Ba/
Ca; Marr et al., 2013) in ancient water masses. Together, mixed layer dwelling and deeper dwelling planktic 
foraminifera species allow for reconstructions of the entire upper water column (e.g., Chaisson & Ravelo, 
2000; Mulitza et al. 1997; Spero et al., 2003).

Abstract Trace elements (TEs) in the calcite shells of foraminifera are widely used in 
paleoceanographic reconstructions. Nearly all TE analytical protocols include cleaning to remove 
contaminant phases. Understanding, how the TE composition is altered during physical and chemical 
cleaning is of utmost importance in ensuring the accuracy of paleoclimate reconstructions. Aggressive 
cleaning steps that include corrosive reagents are commonly used to clean shells with elevated Ba/Ca and 
Mn/Ca ratios, under the assumption that these elements are elevated due to diagenetic overprinting. We 
provide evidence that elevated intrashell Ba/Ca, Mn/Ca, and Zn/Ca ratios are lattice bound and a primary 
signal incorporated into inner calcite during calcification in the nonspinose species Neogloboquadrina 
dutertrei and Pulleniatina obliquiloculata. We first demonstrate, using laser ablation depth profiling 
analyses, that aggressive cleaning following the full cleaning protocol traditionally used to eliminate Mn 
and Ba contamination, preferentially removes inner (ontogenic) calcite and favors the low Ba/Ca, Mn/
Ca, Zn/Ca, and Mg/Ca crust/cortex calcite. In a separate experiment, we demonstrate that mechanical 
fragmentation of bulk shells prepared for solution analysis also preferentially removes inner calcite and 
favors the low TE crust/cortex calcite. Preferential loss of the ontogenic calcite decreases Ba/Ca, Mn/
Ca, and Zn/Ca ratios by 50%–90% in N. dutertrei and P. obliquiloculata shells. This biases foraminiferal 
TE results toward lower values and may yield data that is problematic for the interpretation of downcore 
records.

Plain Language Summary Elements (including barium and magnesium) measured inside 
microscopic fossil shells are higher than expected and could reflect contamination or could reflect key 
information about the ancient surface ocean. For example, barium may reflect how much organic carbon 
is produced in the surface ocean, some of which is sunk to the deep ocean and thus removed from 
exchange with the atmosphere, effecting climate. Previous studies have attributed higher concentrations 
of these elements to contamination that forms on shells and have established harsh chemical cleaning 
techniques to remove the contamination. However, these cleaning techniques also remove parts of the 
shell that contain key information about past ocean conditions. We determine that high concentrations 
of these elements are not due to contamination in our samples and likely reflect conditions of the surface 
ocean. In future work, we suggest using techniques that measure at the microscale to confirm that there 
is no contamination and we suggest using more careful cleaning that preserves these elements. Preserving 
these elements in fossil shells may provide key information about organic carbon production and cycling 
in the surface ocean, which is critical to reconstruct carbon exchange between the atmosphere and ocean.
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Trace element (TE) to Ca ratios, including Ba/Ca, Mn/Ca, and Zn/Ca, in many nonspinose deeper dwelling 
foraminifer species are higher and Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca are more variable as compared to 
mixed layer dwelling foraminifera, and their utility in paleoceanographic reconstructions is less straight-for-
ward (Branson et al., 2015; Fehrenbacher & Martin, 2010; Hathorne et al., 2009; Jonkers et al., 2012, 2016; 
Kunioka et al., 2006; A. Y. Sadekov et al., 2005). Often, the TEs in nonspinose foraminifer shells are elevated 
in the ontogenic calcite with distinct high and low TE bands and TEs are low and relatively invariable with-
in the outer crust or cortex of the shell (Eggins et al., 2003; Hathorne et al., 2009; Steinhardt et al., 2015). 
High intrashell TE/Ca bands are often correlated in nonspinose foraminifera (Eggins et al., 2003; Hathorne 
et al., 2009), suggesting similar environmental or biological control on the incorporation of these TEs. High 
TE/Ca bands may reflect the environmental conditions at the time of calcification. For example, high Mn/
Ca and Zn/Ca ratios in foraminiferal calcite are thought to reflect increasing concentrations of these metals 
from low values in surface waters to higher values at depth and may be used to trace surface waters and 
nutrient stratification (Boyle, 1981; Marr et al., 2013). While few studies have been done evaluating Zn/Ca 
in planktic foraminifera, Zn/Ca ratios in benthic foraminifera may be used with other TE/Ca ratios to trace 
changes in deep water carbonate chemistry (Marchitto et al., 2000) and, in shallow water cores, changes in 
the nutricline (Bryan & Marchitto, 2010). Dissolved Mn is additionally modified by redox conditions and 
high Mn/Ca ratios in benthic foraminifera have been used to reflect oxygenation of hypoxic deep water and 
pore water (Glock et al., 2012; Groeneveld et al., 2018; Petersen et al., 2019; Skinner et al., 2019). In regions 
with intense oxygen minimum zones, comparing the Mn/Ca ratio of species of planktic foraminifera that 
calcified in the mixed layer to those that calcified in the thermocline and to benthic foraminifera may be 
used as a proxy for changing terrestrial input of Mn and oxidation reduction reactions in the water column 
(Klinkhammer et al., 2009) and Mn/Ca in sediment trap derived planktic foraminifera may in part reflect 
changing conditions within an oxygen minimum zone (Davis et al., 2020).

High Ba/Ca ratios in surface dwelling foraminifera reflect changes in freshwater flux and salinity in regions 
with high freshwater input (Bahr et al., 2013; Edmond et al., 1978; Evans et al., 2015; Weldeab et al., 2007b, 
2014). High Ba/Ca ratios in nonspinose deeper dwelling foraminifera may in part reflect higher Ba concen-
trations in deeper water; however, Ba/Ca ratios are often much higher than in surface dwelling species and 
higher than can be attributed to the Ba composition of any seawater location (Bahr et al., 2013; Hall & Chan, 
2004; Hathorne et al., 2009; Lea & Boyle, 1991). High Ba/Ca ratios measured in Neogloboquadrina dutertrei, 
and likely in other nonspinose foraminifera, may reflect conditions within a Ba enriched microenviron-
ment, such as within marine snow particulates or other organic detritus in the water column (Fehrenbacher 
et al., 2018; Greco et al., 2019; Takagi et al., 2019). Within particles, the desorption of Ba from Fe hydroxides 
and the degradation of organic matter can enrich Ba and SO4 enough to support Ba supersaturation and the 
formation of barium enriched amorphous particles and barite crystals (BaSO4; Martinez-Ruiz et al., 2018; 
Stroobants et al., 1991; Sternberg et al., 2005), despite widespread barite undersaturation in seawater (Mon-
nin et al., 1999; Rushdi et al., 2000). The complicated geochemistry of particulates may also permit higher 
dissolved Mn within the particulate microhabitat (due to lower oxygen and pH; Alldredge, 2000; Alldredge 
& Cohen, 1987), which may help to explain the elevated and variable Mn in nonspinose foraminifers.

Elevated Ba/Ca and Mn/Ca ratios in foraminiferal calcite have also been attributed to contaminants or 
diagenetic alteration in the water column or on the seafloor (Boyle, 1981, 1983; Boyle & Keigwin, 1985; 
Gibson et al., 2016; Haley & Klinkhammer, 2002; Lea & Boyle, 1991; Pena et al., 2005, 2008). Although Ba 
is thought to substitute in place of Ca in inorganic calcite (Kitano et al., 1971) and inside the lattice of a 
foraminifera shell (Lea & Boyle, 1991; Lea & Spero, 1994), Ba-rich sediment phases can result in nonlattice 
bound Ba enrichment on shell surfaces and within pores that masks shell bound Ba. Such sediment phases, 
including Ba-enriched detrital and fine-grained material, barite crystals, organic matter, and Mg-Mn and Fe 
oxide overgrowths, have been observed associated with foraminifer shells (Gibson et al., 2016; Pena et al., 
2005, 2008). Mn-carbonate phases can precipitate under conditions where Mn is remobilized from oxidized 
organic matter (Boyle, 1983; Pedersen & Price, 1982) and may contaminate the Mn and Mg signal on fo-
raminifera shell surfaces in the water column (Davis & Benitez-Nelson, 2020; Gibson et al., 2016) or on the 
seafloor (Boyle, 1981; Branson et al., 2015; Pena et al., 2008, 2005). Contamination may also occur during 
chemical cleaning, as high TE values have also been attributed to TE reabsorption onto cleaned calcite pre-
pared for solution analysis (Haley & Klinkhammer, 2002; Sholkovitz, 1989) such that contaminants cleaned 
away may still be erroneously measured as a primary signal. Aggressive cleaning procedures (including a 
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reductive cleaning step and the use of the chelating agent diethylene-triamine pentaacetic acid (DTPA)) are 
traditionally employed to remove contaminant phases (e.g., Lea & Boyle, 1991). These procedures are highly 
corrosive to calcite, can lead to extensive sample loss due to dissolution, and may decrease TE concentra-
tions (Barker et al., 2003; Johnstone et al., 2016; Martin & Lea, 2002; Lea & Boyle, 1991; Regenberg et al., 
2006; Rosenthal et al., 2004; Vetter et al., 2013; Yu et al., 2007). For this reason, the reductive and DTPA steps 
are often excluded unless metal contaminant phases are observed or suspected (Johnstone et al., 2016; Yu 
et al., 2007), such as within redox sensitive basins (Pena et al., 2005; 2008).

In this study, we use laser ablation Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to investi-
gate how cleaning procedures alter the TE composition of the nonspinose planktic foraminifer species N. 
dutertrei and Pulleniatina obliquiloculata. These species were chosen because studies have shown that the 
TE composition of the inner (ontogenic) calcite in these species is markedly higher than the outer calcite 
(Eggins et al., 2003; Fehrenbacher et al., 2018; Fehrenbacher & Martin, 2010; Jonkers et al., 2012; Kunioka 
et al., 2006; A.Y Sadekov et al., 2005, 2009) and the inner calcite of these species is more prone to disso-
lution on the seafloor (e.g., Johnstone et al., 2010), potentially altering TE concentrations. Laser ablation 
ICP-MS is an excellent tool for assessing intrashell TE variability (Eggins et al., 2003; Fehrenbacher et al., 
2015; Hathorne et al., 2009, 2003; A. Sadekov et al., 2009; Wit et al., 2010). It is minimally destructive to the 
shell and permits repeat analyses of each specimen before and between each cleaning step, allowing for a 
detailed assessment of how each cleaning step alters the TE composition. After each cleaning step, we meas-
ure intrashell TE/Ca ratios of whole shells and shell fragments using low energy and low repetition rate 
laser settings, enabling us to resolve ”inner” versus “outer” calcite (as defined in Table 1) and corresponding 
TE/Ca variability within the shell. In addition to the laser analyses, we also investigate how bulk (solution) 
cleaning methods alter the trace element composition of P. obliquiloculata. We use Scanning Electron Mi-
croscope (SEM) imaging to investigate how bulk cleaning modifies shell fragments. We find that the aggres-
sive cleaning steps often employed to remove contaminant phases also decrease or completely remove inner 
calcite in N. dutertrei and P. obliquiloculata and decrease the mean TE composition.

2. Methods
2.1. Individual Shell Laser Ablation ICP-MS

Specimens of N. dutertrei and P. obliquiloculata were obtained from the 355–500 µm size fraction of the 
7–80 cm interval of Eastern Equatorial Pacific (EEP) core ME0005A-43JC (7.86°N, 83.6°W, and water depth 
1,368 m). This interval was chosen because preliminary laser ablation data indicate that N. dutertrei and P. 
obliquiloculata shells have high Ba/Ca and Mn/Ca ratios and specimens display intrashell TE banding (Fig-
ure S1). Four N. dutertrei and one P. obliquiloculata were left whole and 14 N. dutertrei and 15 P. obliquiloc-
ulata were placed on a rubber stopper, wetted, and gently broken with a scalpel into four to five large 
fragments.

The whole shells and fragments were cleaned using the established cleaning procedures of Martin and Lea 
(2002), adapted for single shells (see Appendix A), and included the Cd-cleaning step employed by Boyle 
and Keigwin (1985) and Lea and Boyle (1989) and others (e.g., Lea & Boyle, 1991). The cleaning steps 
included rinses to remove finely adhering clays, an oxidative step to remove remnant organic matter, the 
reductive step to remove metal oxides, and finally, the DTPA step that is typically only used in settings where 
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Calcite type Description

Inner calcite Defines all chambers inside the shell as well as calcite of the inner part of the exterior shell wall

Outer calcite The outer part of the exterior shell wall that covers inner calcite layers. In the case of N. 
dutertrei and P. obliquiloculata, the outer calcite includes the crust/cortex calcite

Cortex calcite The smooth microperforate veneer that covers P. obliquiloculata inner calcite
Crust calcite Calcite layer that forms over inner calcite comprised of large blocky prismatic crystals that 

often cover inner calcite pore spaces

Table 1 
Definition of inner versus outer calcite after the definitions of Brown and Elderfield (1996)
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contaminant surface phases are problematic. Briefly, shell material was rinsed in methanol and sonicated 
(10 s) followed by four ultrapure water (18 MΩ) rinses. Rinses were followed by an oxidative cleaning step 
in which shells were bathed for 10 min in a warm (60°C) buffered hydrogen peroxide solution followed 
by four ultrapure water rinses. Shell material was then reductively cleaned with an anhydrous hydrazine/
ammonium citrate solution warmed to 80–90°C for 30 min followed by four ultrapure water rinses. Shell 
material underwent a final cleaning with an alkaline chelating agent of weak (0.002 M) DTPA solution 
buffered in 0.05 M NaOH warmed to 100°C for 5 min. DTPA was then neutralized by additions of 0.01 M 
NaOH followed by rinsing shell material three times with ultrapure water. During the final rinse step, the 
foraminifers were bathed for 30 min at 100°C. The final step was followed by a dilute acid (0.001 M HNO3) 
leach to remove any adsorbed contaminants from the shell material followed by ultrasonication and a final 
ultrapure water rinse. In between each cleaning step (rinses/sonication, oxidative, reductive, and DTPA + 
acid leach), the whole shells and fragments were mounted onto aluminum stubs with carbon tape, analyzed 
on a laser, and imaged on an SEM.

Laser ablation depth profile analyses were conducted at Oregon State University (OSU) using a Teledyne/
Photon Machines 193 nm ArF UV excimer laser ablation system with a HelEx laser ablation cell coupled 
to a Thermo Scientific X-series II quadrupole ICP-MS. Gas composition and flow rate were determined by 
adjusting the flow of Ar and He as necessary to achieve high count rates on the sample/standard while 
maintaining ThO+/Th+ ratios less than 0.4% (tuned daily). Whole shells were analyzed from the outside-in 
and shell fragments were analyzed from the inside-out. Samples were analyzed using a 50–70 µm diameter 
spot size at 4 Hz repetition rate and 1.0–1.5 J/cm2 laser fluence. Data acquisition varied between 40 and 60 
s per spot analysis. Repeat analyses were conducted on chambers large enough to permit multiple spots. 
Isotopes, including 137Ba, 24Mg, 25Mg, 43Ca, 44Ca, 66Zn, 88Sr, 27Al, and 55Mn, were measured along with others 
not assessed in this study. 43Ca was used as the internal standard and 44Ca was monitored for consistency.

Shell profile mean elemental concentrations were calculated using LAtools data reduction software that 
includes screening for outliers and background correcting by subtracting average background counts (cal-
culated with the laser off) from each data point (Branson et al., 2019). The mean TE/Ca ratio for each pro-
file was then calculated by normalizing to the known TE concentration in the drift/background-corrected 
bracketed analyses of the NIST SRM 610 and 612 glass standards at 5 Hz and ∼ 4.5 J/cm2 laser fluence (Jo-
chum et al., 2011). Ten repeat analyses gave a reproducibility of the mean Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca 
ratios of 1,594 ± 69 µmol/mol (±4.3%; 1σ), 3,885 ± 75 µmol/mol (±1.9%; 1σ), 3,446 ± 89 µmol/mol (±2.6%; 
1σ), and 9.655 ± 0.49 mmol/mol (±5.0%; 1σ), respectively, for NIST 610 and 139 ± 5.0 µmol/mol (±3.7%; 
1σ), 331 ± 14 µmol/mol (±4.1%; 1σ), 296 ± 14 µmol/mol (±4.6%; 1σ), and 1.289 ± 0.90 mmol/mol (±7.0%; 
1σ), respectively for NIST 612. Standard measurements are within 5.0% of published values for NIST 610 
and 612 (Jochum et al., 2011).

After each laser ablation session, the whole shell and shell fragments were imaged on a Quanta 300 environ-
mental SEM at OSU. Thickness was measured from profile images of each shell fragment and used to con-
vert ablation time to distance (µm). The SEM images were used to visually assess the effect of cleaning on 
shell material and microstructure changes. Because shell fragments were fragile and easily lost, SEM analy-
sis was skipped after the oxidative step and only done after the reductive step to reduce the number of times 
fragments were removed from and remounted on the tape. Thus, the images taken after reductive cleaning 
represent impacts to the shell material that occurred during both the oxidative and reductive cleaning.

2.2. Bulk Shells Prepared for Solution Analysis

The purpose of the bulk shell cleaning study is to assess the effect of sample cleaning on shell TE/Ca ratios. 
Specifically, we modify the shell cracking procedure and use two different settling times before aspirating 
the rinse/cleaning solutions. We then assess shell fragmentation using image analysis. Forty P. obliquiloc-
ulata shells were selected from the 8 to 10 cm (Holocene) and 40 from the 26 to 28 cm (deglacial) intervals 
from western equatorial Pacific core MW91-9-6GGC (2.02°S, 156.93°E, water depth 1,625 m). Shells were 
grouped into sets of 20 and gently cracked between two glass slides to open chambers to aid the removal of 
clays and other debris. Shell fragments were homogenized with a brush and were split into two aliquots for 
a total of 16 bulk groups (eight replicates from each interval). Four groups for each interval were subjected 
to the Mg-only cleaning protocol (Barker et al., 2003), which included rinses/sonication, oxidative cleaning, 
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and a weak (0.001 M) HNO3 leach and a 1 min settling time before aspirating the rinse/cleaning solution. 
Four groups from each interval were cracked open more gently and the settling time before aspirating the 
rinse/cleaning solution was increased from 1 min to 3 min.

Prior to cleaning, shell fragments were imaged on a dark background at 0.8 and 10.0 × zoom using a Lei-
ca M125 stereomicroscope with a DMC 4500 mounted camera system. Images were processed using Fiji 
software package (Schindelin et al., 2012) to analyze and categorize shell fragments as shown in Figure S2. 
Two images of each group were used for each image analyses. Shell fragments were distinguished from 
background using the Auto Threshold v1.17 Fiji plugin. Shell fragment surface area was calculated using 
the Analyze Particles tool and categorized as either large (>6 µm2) or small fragments (<6 µm2) for each 
sample (changing the categorization by ± 3 µm2 changes the number of large or small fragments by < 5%).

Following cleaning, fragments were carefully mounted on their longest axis onto aluminum stubs with 
carbon tape and analyzed on a FEI Quanta 600F environmental SEM at OSU. Each sample was imaged at 
higher and lower magnification (horizontal field width ∼1 mm and ∼500 µm). Regions of shell fragments 
were visually interpreted as either “inner” or “outer” calcite (as defined in Table 1). The outer calcite of P. 
obliquiloculata is dominated by a shell cortex that is characterized by a smooth microperforate texture. The 
cortex is identifiable as a thin and finely crystalline layer that appears glassy under SEM (Johnstone et al., 
2010), while the inner calcite can be thicker and coarsely crystalline and is identifiable by larger uniformly 
spaced pores and high ridges between pore spaces. The visual categorization of inner and outer calcite 
at higher magnification (∼1 mm horizontal field width) was used to train Weka Trainable Segmentation 
(v.3.2.33), a Fiji plugin with machine learning techniques (Figure S2). Using Weka Trainable Segmentation, 
machine learning algorithms classified each image pixel to a class (inner or outer calcite) for all SEM images 
and calculated the total inner calcite and outer calcite surface area present in each replicate. Inner calcite 
has a distinct SEM grayscale range compared to outer calcite (8-bit grayscale range 100–210 and 210–255, for 
the inner and the outer calcite, respectively) as a result of the very different pore structure (e.g., microperfo-
rate outer calcite has lighter grayscale values), allowing for an accurate classification (using standard Weka 
settings, out-of-bag error for a well-trained run was typically < 1%).

3. Results
3.1. Individual Shells
3.1.1. Visual Changes in Shell Texture

SEM images of whole shell and shell fragments of N. dutertrei and P. obliquiloculata material taken after 
each cleaning step indicate progressive dissolution during cleaning with preferential loss of inner portions 
of the shell (Figure 1; microstructure descriptions based on those presented in Dittert and Henrich [2000] 
and Regenberg et al. [2013]). After the initial rinses/sonication, all N. dutertrei fragments and whole shells 
appear well preserved. SEM images reveal regularly spaced outer pores surrounded by irregular ridges, pre-
served shell layers, smooth interpore areas, round to funneled pores, high to slightly reduced ridges, thick 
outer calcite, and sharp edges of euhedral crystal structures (Figures 1a and 1b). After the oxidative and re-
ductive steps (to preserve fragile shell fragments, SEM analysis was skipped after the oxidative step and only 
done after the reductive step), N. dutertrei material show signs of dissolution with cracked and disintegrated 
inner calcite layers, funneled pores (Figures 1c and 1d), and slightly rounded crystal surfaces on the exterior 
of the shell (Figure 1d). After the DTPA step, N. dutertrei material show signs of substantial dissolution (Fig-
ures 1e and 1f). The inner calcite appears heavily dissolved and calcite of the inner chamber wall is eroded, 
and the exterior calcite crystals are heavily dissolved and rounded (Figure 1f). SEM images of P. obliquiloc-
ulata taken after the initial rinses/sonication reveal smooth outer calcite, intact calcite layers, smooth inner 
calcite with round to funneled and evenly spaced pores and smooth interpore areas (Figures 1g and 1h). 
Often in cracking open P. obliquiloculata shells, inner calcite layers delaminate from outer calcite and are 
sheeted away in one or many distinct layers (Figure 1j). Delamination occurs in a few fragments after just 
the initial rinses/sonication and before more corrosive cleaning steps are conducted. After oxidative and re-
ductive cleaning, the inner calcite separated from the cortex in two of 15 fragments (Figure 1j) and in anoth-
er two fragments, the inner calcite is completely missing and just the cortex remains. After DTPA cleaning, 
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P. obliquiloculata material shows clear divisions between cortex and inner calcite and show separation and 
removal of portions of inner calcite layers, severely cracked inner calcite, and heavily funneled pores. For 
three of the shell fragments, inner calcite is completely absent after the DTPA step (Figures 1k and 1i).

3.1.2. Laser Ablation Results
3.1.2.1. Depth profiles after initial rinse/sonication

Laser ablation profiles of samples that have undergone just initial rinses contain high and variable TEs (Fig-
ures 2 and 3). Laser ablation profiles of nearly all (90%, N = 16) of N. dutertrei shells have distinct regions of 
high TEs within the inner calcite (e.g., Figure 2, blue lines). These regions are 10–30 µm thick and have two 
to four alternating high/low TE/Ca bands. Bands of high Mn/Ca, Zn/Ca, and Mg/Ca are variable from spec-
imen-to-specimen and less reproducible from chamber-to-chamber than bands of high Ba/Ca. TE bands are 
often, but not always, correlated (e.g., Figures 2a vs. 2b). Most (80%, N = 13) of P. obliquiloculata shells have 
alternating bands of high and low TE in inner calcite, like those observed in N. dutertrei, although there are 
fewer bands (one to two) and they are more variable from chamber-to-chamber (e.g., Figure 3, blue lines). 
All profiles of N. dutertrei and P. obliquiloculata have a low and homogenous TE region on the outside that 
is 10–20 µm thick and likely represents crust/cortex calcite, which has been shown in other laser ablation 
studies with this species to have homogeneous trace element (TE) ratios (e.g., Jonkers et al., 2012; Sadekov 
et al., 2009; Steinhardt et al., 2015).

The regions of high TE outer calcite is differentiated from low TE inner calcite at the point of greatest 
change in Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca ratios from high and variable values to low and homogenous 
values (Figure 4). In N. dutertrei, 65% of the total calcite is high TE calcite, on average, and P. obliquiloculata 
contains 55% high TE calcite. This is consistent with other studies of N. dutertrei (Jonkers et al., 2012) and 
P. obliquiloculata (Sadekov et al., 2009; Steinhardt et al., 2015) and the low TE regions in P. obliquiloculata 
correspond with the smooth micro-perforate cortex observed in SEM images. In both N. dutertrei and P. 
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Figure 1. Scanning electron micrograph (SEM) images of examples of N. dutertrei (a–f) and P. obliquiloculata (g–l) shells that show progressive dissolution 
from initial rinses (a and g), to oxidative and reductive cleaning (c and i), and DTPA cleaning (e and k). White boxes show the area that is magnified in the 
corresponding panel. DTPA, diethylene-triamine pentaacetic acid.
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obliquiloculata, inner calcite Ba/Ca, Mn/Ca, and Zn/Ca ratios are 60%–80% higher than the outer (low TE) 
calcite and have 40%–90% greater variability (1σ; Table 2). Mg/Ca ratios in the inner calcite are 30%–40% 
higher than the outer (low TE) regions.

3.1.2.2. Oxidative cleaning

After the oxidative cleaning step, N. dutertrei shell thickness decreased by an average of 15% and one or 
more high TE bands are removed (e.g., Figure 2, orange lines). TE/Ca ratios decrease by 40%, 8%, 24%, and 
20% for Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca ratios, respectively (Figure 5). The decrease in Ba/Ca and Zn/
Ca is significant (Student’s t-test, two-tailed, p < 0.05), while Mn/Ca and Mg/Ca ratios are not significantly 
different (Student’s t-test, two-tailed, p = 0.08, and 0.16, respectively).

Pulleniatina obliquiloculata shell thickness decreased by an average of 10% and inner calcite is preferen-
tially removed (e.g., Figure 3, orange lines). TE/Ca ratios decrease by 51%, 50%, 59%, and 24% for Ba/Ca, 
Mn/Ca, Zn/Ca, and Mg/Ca ratios, respectively. The decrease in all Ba/Ca, Mn/Ca, and Zn/Ca ratios are 
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Figure 2. Laser ablation Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca (µmol/mol, µmol/mol, µmol/mol, and mmol/mol, 
respectively) profiles of three example N. dutertrei specimens (a–c) subject to initial rinses/sonication (blue line, repeat 
analysis performed on some shells is shown as blue dashed line), oxidative cleaning (orange line), reductive cleaning 
(yellow line), and a DTPA + acid leach (purple line). High trace element inner calcite is indicated with a gray box. 
DTPA, diethylene-triamine pentaacetic acid.

(a) (b) (c)
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statistically significant (Student’s t-test, two-tailed, p < 0.05), while the decrease is not significantly differ-
ence for Mg/Ca ratios (Student’s t-test, two-tailed, p = 0.22).

3.1.2.3. Reductive cleaning

After the reductive step, N. dutertrei shell thickness decreased by an average of 30% and few high TE/Ca 
bands remain (e.g., Figure 2, yellow lines). Ba/Ca, Mn/Ca, and Zn/Ca ratios decrease by 75%, 41%, and 89%, 
respectively, relative to values measured after the initial rinses. All three decreases are significant (Student’s 
t-test, two-tailed, p < 0.05). The Mg/Ca ratios decrease by 18% relative to values measured after the initial 
rinses, but this decrease is not significantly different (Student’s t-test, two-tailed, p = 0.16).

Like N. dutertrei, few high TE bands remain in P. obliquiloculata, and shell thickness decreased by 20% 
(e.g., Figure 3, yellow lines). High TE calcite makes up just 15% of the total calcite, compared to 56% after 
the initial rinses/sonication. Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca ratios decrease by 64%, 50%, 81%, and 26%, 
respectively, relative to values measured after the initial rinses. The decrease in Ba/Ca, Mn/Ca, and Zn/Ca 
ratios are statistically significant (Student’s t-test, two-tailed, p < 0.05), while the decrease in Mg/Ca is not 
significant (Student’s t-test, two-tailed, p = 0.06).
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Figure 3. Figure is the same as Figure 2, but with three example P. obliquiloculata specimens (a–c).

(a) (b) (c)
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3.2. DTPA cleaning

After the DTPA cleaning step, calcite with TE banding in N. dutertrei has 
been removed (e.g., Figure 2, purple lines). Shell thickness decreased by 
an average of 30% and high TE calcite comprises only 40% of the total 
calcite. Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca ratios decrease by 82%, 49%, 
91%, and 22%, respectively, relative to values measured after the initial 
rinses. The decrease in Ba/Ca, Mn/Ca, and Zn/Ca ratios are significant 
(Student’s t-test, two-tailed, p < 0.01), and Mg/Ca ratios are not signifi-
cantly different (Student’s t-test, two-tailed, p = 0.07). In P. obliqiulocu-
lata shells, nearly all calcite with high TE bands has been removed (e.g., 
Figure 3, purple lines). A few profiles contain only low TE ratio calcite, 
consistent with the removal of all inner calcite layers leaving behind only 
low TE cortex. The thickness of the shell wall decreases by 30% and high 
TE calcite make up just 10% of the total calcite. Ba/Ca, Mn/Ca, Zn/Ca 
and Mg/Ca ratios are reduced by 65%, 59%, 90%, and 19%, respectively, 
relative to values measured after the initial rinses. The decrease in Ba/Ca, 
Mn/Ca, and Zn/Ca ratios are significant (Student’s t-test, two-tailed, p < 
0.05), and Mg/Ca ratios are not significantly different (Student’s t-test, 
two-tailed, p = 0.06).

In summary, shells progressively thin through chemical cleaning and 
high TE inner calcite is preferentially removed. We note that SEM anal-
ysis obtained before chemical cleaning indicate that EEP shells are well 
preserved, despite residing at a water depth of 1,368 m in waters with a 
∆(CO3

2−) of ∼1–2 µmol/kg, ∼500 m above the regional lysocline (∼2,000 
m water depth; GLODAP data set, Key et al., 2004). While dissolution may 
lower TE/Ca ratios in samples above the lysocline (Dekens et al., 2002; 
Regenberg et al., 2006), Mg/Ca Sea Surface Temperature (SST) estimates 
using the Anand et al. (2003) multispecies equation predict N. dutertrei 
and P. obliquiloculata calcified in 19.0°C and 19.5°C waters, consistent 
with these species depth habitat at the base of the thermocline (Elderfield 
& Ganssen, 2000; Farmer et al., 2007), further suggesting that dissolution 
did not significantly impact TE/Ca ratios in these specimens. SEM image 
analysis after cleaning reveals that in a few specimens, none of the high 
TE/Ca inner calcite remains. Chemical dissolution is evident from SEM 
analysis (widened pores, cracked surfaces, and delaminating shell struc-
ture) and shells are likely further agitated by handling and laser ablation. 
We note that shell fragmentation can occur during laser ablation analy-
sis, often when the laser first strikes the shell surface unevenly (i.e., not 
perpendicular). Laser ablation is unlikely to be the main factor contribut-
ing to inner calcite loss, as uneven ablation results in large irregular pits, 
which we did not observe during our analyses. It is likely that both chem-
ical and mechanical breakdown of the shell contribute to the loss of high 
TE/Ca inner calcite. Through the full cleaning process for single shells 
analyzed via laser ablation, Ba/Ca, Mn/Ca, and Zn/Ca values decrease by ∼ 50%–90%. Mg/Ca ratios are not significantly affected throughout the cleaning process, likely because the 

Mg/Ca ratios are not markedly different in the inner versus outer calcite portions of the shell used in our 
study. Through the full cleaning process, Mg/Ca ratios decrease by 20%–25%, from 2.2 to 1.7 mmol/mol in 
N. dutertrei and 2.1 to 1.7 mmol/mol in P. obliquiloculata shells. This Mg/Ca decrease would translate to an 
Mg/Ca SST estimate of 19.0°C and 19.5°C, decreasing to 16.6°C. While the decrease in Mg/Ca is not signifi-
cant, the Mg/Ca SST estimation suggests a lowering of several degrees that is likely an artifact of the clean-
ing process, as shells were initially observed to be well preserved, which is consistent with the reduction in 
Mg/Ca SST estimate observed by others (Martin & Lea, 2002; Regenberg et al., 2006; Rosenthal et al., 2004).
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Figure 4. Shell thickness (µm; gray circles) and proportion of the shell 
thickness composed of low trace element (TE) outer calcite (gray bar) 
and high TE inner calcite (blue bar) after initial rinses (rinse), oxidative, 
reductive, and DTPA cleaning for N. dutertrei (a) and P. obliquiloculata (b) 
material. DTPA, diethylene-triamine pentaacetic acid.

(a)

(b)
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3.3. Bulk Shells

Bulk P. obliquiloculata were prepared for solution ICP-MS analysis by cracking the shells open and subject-
ing shells to initial rinses/sonication and an oxidative cleaning step. We compare the effect of using different 
sample cracking methods and settling times after rinses/sonication. We refer to the cleaning process with 
the standard crushing process (which yielded smaller fragments) and 1 min settling time after rapping the 
vials on the counter as the ”traditional cleaning method.“ For the ”careful cleaning method,“ the shells 
were cracked more gently such that the inside of shells were exposed while maximizing the size of shell 
fragments, and the amount of settling time after rapping the vials on the counter was increased from 1 to 3 
min. The increased settling time was chosen to maximize the opportunity for small fragments to settle to the 
bottom of the vials before aspirating the rinse/cleaning solution.
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Species Measurement Ba/Ca (µmol/mol) Mn/Ca (µmol/mol) Zn/Ca (µmol/mol) Mg/Ca (mmol/mol)

Mean Std dev Mean Std dev Mean Std dev Mean Std dev
N. dutertrei Whole shell 12.3 10.0 279.9 158.5 76.1 76.6 2.2 2.5

High TE calcite 23.4 62.1 295.0 390.1 160.6 277.0 2.6 2.6
Low TE calcite 1.6 0.8 102.2 54.2 39.9 41.8 1.7 0.5

P. obliquiloculata Whole shell 10.7 10.6 218.0 105.3 102.7 73.9 2.1 2.1
High TE calcite 13.0 37.1 250.0 386.5 168.0 91.3 2.1 2.1
Low TE calcite 2.0 1.1 103.8 39.8 18.6 54.0 1.9 0.4

Table 2 
Mean and standard deviation (std dev, 1σ) through individual shells of all individual shells before chemical cleaning

Figure 5. Laser ablation mean percent concentration of Ba/Ca (µmol/mol; gray bar), Mn/Ca (µmol/mol; blue bar), 
Zn/Ca (yellow bar; µmol/mol), and Mg/Ca (purple bar; mmol/mol) in N. dutertrei (a) and (b) and P. obliquiloculata 
(c) and (d) shell material after initial rinses (rinse), oxidative, reductive, and DTPA cleaning. Values are scaled to rinse 
measurements (a) and (c) and reported as mean and standard deviation (1σ) (b) and (d). Star indicates a statistically 
significance difference from initial rinse values (Student’s t-test, two-tailed). DTPA, diethylene-triamine pentaacetic 
acid.

(a)

(c) (d)

(b)
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Light microscope images were taken of bulk P. obliquiloculata fragments before and after cleaning and 
fragments were measured using image analysis techniques (Figures 2a–2c). We find that small shell frag-
ments (<6 µm2) are preferentially removed during traditional cleaning (Figure S3). The proportion of small 
fragments is reduced by 3% in Holocene samples during traditional cleaning, which is not significant (Stu-
dent’s t-test, two-tailed, paired, p = 0.07). In deglacial samples, small fragments comprise 59% of the total 
calcite prior to traditional cleaning and comprise 28% after traditional cleaning steps, which is significantly 
different (Student’s t-test, two-tailed, paired, p < 0.05). In contrast, when careful cleaning methods are used 
that include longer particle settling time, there is no significant difference in the number of small fragments 
before and after cleaning in Holocene samples (Student’s t-test, two-tailed, paired, p = 0.26) nor in deglacial 
samples (Student’s t-test, two-tailed, paired, p = 0.08). For all samples that underwent careful cleaning, 
more small fragments are retained than with traditional cleaning methods.

SEM images of the P. obliquiloculata fragments were taken after cleaning, and machine learning software 
was trained to categorize each pixel of the image as inner calcite or outer calcite (Figures 2d–2f). Holocene 
samples cleaned by traditional means retain 65% inner calcite, while when cleaned with careful procedures, 
Holocene samples retain 71% inner calcite, although the two groups are not significantly different (Stu-
dent’s t-test, two-tailed, paired, p = 0.29; Figure S4). Deglacial samples that underwent traditional cleaning 
steps retain just 25% inner calcite. In contrast, deglacial samples cleaned with careful procedures retain 70% 
inner calcite and are significantly different (Student’s t-test, two-tailed, paired, p < 0.01).

4. Discussion
Ideally, geochemical measurements in planktic foraminifera yield the primary signal incorporated during 
calcification and can be used to interpret sea surface conditions. Our results demonstrate that N. dutertrei 
and P. obliquiloculata from the EEP have high TE/Ca ratios in the inner calcite with large intrashell TE 
variability (Figures 2 and 3; Table 2). Our TE/Ca measurements are higher and more variable compared 
to the range of values measured in surface dwelling species. These results are consistent with others that 
observed high and variable Ba/Ca, Mn/Ca, and Zn/Ca ratios in some deeper dwelling species compared to 
surface dwelling species (Eggins et al., 2003; Fehrenbacher et al., 2018; Hathorne et al., 2009; Kunioka et al., 
2006; Steinhardt et al., 2015). In particular, the Ba/Ca ratios in our specimens are much higher than meas-
urements in surface dwelling species, which are typically < 1–2 µmol/mol (Hall & Chan, 2004; Sprovieri 
et al., 2008; Weldeab et al., 2007a, b), and higher then values traditionally expected in planktic foraminifera 
(e.g., Lea & Boyle, 1991). However, few Ba/Ca, Mn/Ca, and Zn/Ca measurements have been made in deeper 
dwelling species and our results add to a growing collection that is needed to establish a range of expected 
values in foraminiferal species. High TE values—especially elevated Mg/Ca, Mn/Ca, and Ba/Ca—are tradi-
tionally attributed to non-lattice bound contaminants that should be removed before shell geochemistry can 
be accurately interpreted (Boyle, 1981, 1983; Boyle & Keigwin, 1985; Gibson et al., 2016; Haley & Klinkham-
mer, 2002; Lea & Boyle, 1989, 1990, 1991). We demonstrate that the efforts to remove shell contaminant 
phases with highly corrosive cleaning can also remove ontogenic calcite and lattice bound TEs.

Below, we first present the case that high TE values in our samples are lattice bound and are representative 
of conditions experienced by foraminifera during their ontogeny and argue against diagenesis governing 
the high TE values in our samples. We then describe the consequences of chemical and physical cleaning on 
inner calcite high in TEs and discuss implications for down core analysis. We use a simple mixing model to 
illustrate the consequences of over-cleaning shells. Finally, we provide suggestions for sample preparation 
and the careful interpretation of TE data in N. dutertrei and P. obliquiloculata and other deeper dwelling 
foraminifera that contain high intrashell TEs.

4.1. Biogenic Versus Abiotic High TE/Ca Ratios

In this study, TEs are high and most variable within N. dutertrei and P. obliquiloculata inner shell calcite. 
High intrashell variability is likely attributed to ontogenic incorporation of elevated TEs. Foraminifera grow 
by first forming relatively thinly calcified chambers during early adult stages before thickening with addi-
tions of outer calcite and sometimes an outer gametogenic crust or cortex that covers pre-existing ontogenic 
chambers (Fehrenbacher et al., 2017; Schiebel & Hemleben, 2017). Laser ablation profiles sample the entire 
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calcite wall and demonstrate clear transitions from inner calcite regions with elevated TEs and intra-shell 
TE variability to homogenous (and low) TE outer calcite. Our results corroborate earlier findings: high TE/
Ca bands in deeper dwelling species are located within the inner part of the shell wall and may be associated 
with organic components linked to the early stages of shell growth (e.g., E. C. Hathorne et al, 2009; Kunioka 
et al., 2006), and possibly linked to early ontogenic growth in microhabitats (e.g., Fehrenbacher et al., 2018).

Aggressive cleaning procedures were established to remove contaminant phases (e.g., Lea & Boyle, 1991). 
Problematically, these procedures can remove primary calcite in addition to abiotic phases. For example, 
Lea and Boyle (1991) found high Ba/Ca ratios (up to 4.7 µmol/mol) in N. dutertrei shells from sediment 
traps that have never had contact with deep sea sediments, demonstrating the Ba in the shells was not a 
contaminant phase. Other researchers also clearly demonstrate elevated intrashell Ba and Mn in the species 
Globorotalia inflata, Globorotalia scitula (Hathorne et al., 2009) and Globorotalia menardii (Davis et al., 
2020). While Lea and Boyle (1991) demonstrated that highly corrosive cleaning steps significantly lowered 
Ba/Ca ratios in N. dutertrei, they were never able to decrease the TE/Ca ratios as low as the Ba/Ca ratios 
of surface dwelling species and postulated that these measurements reflect a primary TE source in some 
deeper dwelling foraminifera.

Our analyses rule out the possibility that contamination is responsible for the elevated TE/Ca ratios in our 
samples. In laser ablation profiles, surface contaminant phases or reabsorption of contaminants during 
cleaning (Elderfield & Boyle, 1986; Klinkhammer et al., 2009) typically yield a spike in Al/Ca and Mn/Ca 
ratios on the inside and/or outside of the laser profile and these surface contaminants are excluded during 
data processing (e.g., Branson et al., 2019; Fehrenbacher et al., 2015). Average Ba/Ca and Zn/Ca ratios in our 
study do not correlate with Al/Ca nor Mn/Ca ratios and Mn/Ca ratios do not correlate with Mg/Ca ratios 
in N. dutertrei (R2 < 0.05) nor in P. obliquiloculata (R2 < 0.05; Figure S5). Additionally, there is no abrupt 
enrichment in Mn/Ca and Mg/Ca ratios at the innermost (Gibson et al., 2016; Pena et al., 2005, 2008) or 
outermost (Boyle, 1981) part of the shell that would indicate Mn-Mg rich oxide coating contamination. 
Mg/Ca and Mn/Ca measurements in this study in both N. dutertrei and P. obliquiloculata are also far lower 
than those observed by Pena et al. (2005),(2008; Mg/Ca ratios up to 6 mmol/mol and Mn/Ca ratios up to 
25 mmol/mol in N. dutertrei). High TE/Ca ratios intrashell are likely not clay/contaminant infill in pore 
spaces because bands are consistent between laser profiles (Figures 2 and 3, solid and dashed blue lines), 
whereas contamination in pores would not be consistent from laser spot-to-spot. These rule out infill or 
metal overgrowths primarily controlling the high TE/Ca ratios observed in our shells. Finally, careful SEM 
observations rule out carbonate overgrowths or barite contamination governing high Ba/Ca ratios. We find 
no evidence of carbonate overgrowths that would appear under SEM as a layer of calcite precipitate on the 
shell surface, like those observed on a few EEP sediment trap (Gibson et al., 2016) and seafloor (Pena et al, 
2005) foraminifera samples. The presence of barite crystals would appear under SEM as dense euhedral 
to subspherical crystals several microns on the longest axis, like those observed in core-top sediment from 
the EEP (Paytan et al., 2002) and within the shells of benthic foraminifera (Bertram & Cowen, 1997). SEM 
images of shell surfaces and inner-pore spaces taken after the initial rinses/sonication show no evidence of 
barite crystals under high magnification (<50 µm horizontal field width). This suggests that either barite 
crystals are not present in these samples or that they were removed with sonication in the initial rinses.

A biogenic origin of high TE inner calcite is supported by our microstructure analysis. Outer calcite appears 
as a smooth veneer with very fine tightly structured crystals and micropores in the case of P. obliquiloculata 
cortex (Figure 1l), or as larger blocky triangular prisms that often cover pore spaces in N. dutertrei crusts 
(Figure 1f). Outer calcite with this appearance is typically associated with a later foraminiferal life stage 
(Brown & Elderfield, 1996), and may be formed deeper in the water column or on the sea floor (Eggins et al., 
2003; Fehrenbacher & Martin, 2010; Jonkers et al., 2012; Sautter, 1998; A. Y. Sadekov et al., 2005). The nature 
of the inner calcite in our study is compositionally distinct from observations of manganese carbonates or 
Mn-Fe oxides (see Figure 11 in Pena et al., 2005) and distinct from outer calcite cortex or crust. Inner calcite 
is composed of smaller and randomly oriented crystals and contains high irregular ridges between pore pits 
that appear in layers template over one another in cross section (Figure 1j). Laminations with radial calcite 
crystals laying perpendicular to the lamination are likely formed as a thin veneer of calcite is added to the 
pre-existing shell during ontogeny (Erez, 2003; Panieri et al., 2017), prior to the formation of the final cham-
ber and the addition of outer calcite and final shell thickening (Fehrenbacher et al., 2017).
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4.2. Implications of Preferential Loss of High TE Inner Calcite during Solution Cleaning

We demonstrate that chemical and physical cleaning can preferentially remove inner calcite and signifi-
cantly lower whole shell TE/Ca ratios. Because the inner calcite is enriched in some TEs relative to the outer 
calcite, the preferential loss of inner calcite has important implications for the interpretation of TE data. 
Here, we use a simple mixing model to demonstrate the effects of loss of high TE inner calcite. For the first 
model demonstration, we use mean P. obliquiloculata TE/Ca data obtained from the laser ablation analyses 
as the initial model parameters and estimate that the inner calcite represents ∼ 70% of the shell wall (e.g., 
Steinhardt et al., 2015). The following equation is used to calculate the mean TE/Ca:
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where TE/Camean is the mean TE/Ca value through the whole shell, TE/Cainner is the mean of high TE calcite 
values from the inner calcite, TE/Caouter is the mean of low TE calcite values from the outer calcite, ƒ1 is the 
proportion of high TE inner calcite, and ƒ2 is the proportion of low TE outer calcite. TE values used in the 
initial model demonstration (Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca ratios for the inner and outer calcite) are 
summarized in Table 1 and shown in Figure 6a. To demonstrate the effect of inner calcite loss on mean TE/
Ca values, ƒ1 and ƒ2 are scaled to simulate a decrease in inner calcite of 5%, which results in a decrease of 
mean Ba/Ca, Mn/Ca, and Zn/Ca ratios of 10%, 4%, and 6%, respectively, and a decrease in Mg/Ca ratios of 
1%, which is less than 0.1 mmol/mol (Figure 6b). Conversely, a decrease in inner calcite of 25% results in a 
larger decrease of mean Ba/Ca, Mn/Ca, and Zn/Ca ratios (30%, 18%, and 30%, respectively) and a decrease 
in Mg/Ca ratios of just 11% or 0.3 mmol/mol (Figure 6c), and a decrease in inner calcite of 50% results in a 
decrease of mean Ba/Ca, Mn/Ca, and Zn/Ca ratios of 60%, 37%, and 60%, respectively, while average Mg/Ca 
ratios decrease of 22% or 0.6 mmol/mol (Figure 6d). A second demonstration illustrates the consequences of 
cleaning in shells with inner calcite with much higher TE/Ca ratios (50% higher, consistent with very high 
TE/Ca measurements made in inner calcite of P. obliquiloculata [e.g., Kunioka et al., 2006]). In this demon-
stration, a decrease in inner calcite of 5% results in a decrease of mean Ba/Ca, Mn/Ca, and Zn/Ca ratios of 
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Figure 6. Simple mixing model results showing changing values when high TE inner calcite (a–d; inner and outer 
calcite Ba/Ca, Mn/Ca, Zn/Ca, and Mg/Ca concentrations in µmol/mol, µmol/mol, µmol/mol, and mmol/mol, 
respectively, overlay bar graph and calculated mean values are above each bar) is preferentially removed by 5% (b), 25% 
(c), and 50% (d) and higher TE inner calcite (e)–(h) is preferentially removed by 5% (f), 25% (g), and 50% (h).

(a) (b) (c) (d)

(e) (f) (g) (h)
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8%, 5%, and 6%, respectively, and a loss of Mg/Ca of just 3% or 0.1 mmol/mol (Figure 6f). This decrease is 
modest; however, when more inner calcite is lost, consequences become severe. A decrease in inner calcite 
of 25% results in a decrease of mean Ba/Ca, Mn/Ca, and Zn/Ca ratios by 29%, 24%, and 31%, respectively 
(Figure 6g), and a decrease in Mg/Ca ratios of 26% or 0.7 mmol/mol, and a decrease in inner calcite of 50% 
results in a substantial decrease of mean Ba/Ca, Mn/Ca, and Zn/Ca ratios by 64%, 47%, and 64%, respective-
ly, and a loss of Mg/Ca of 52% or 1.4 mmol/mol (Figure 6h).

This conceptual model, in which mean shell values are determined by the proportion of inner and outer 
calcite, in part, explains the drastic reduction in mean shell TE concentrations after traditional cleaning. 
When inner calcite high in TE is removed, more of the low TE outer calcite contributes to the whole shell 
mean, significantly decreasing the mean ratios of Ba/Ca, Mn/Ca, and Zn/Ca. Importantly, this simple mix-
ing model also demonstrates why Mg/Ca ratios do not decrease as meaningfully as Ba/Ca, Mn/Ca, and Zn/
Ca ratios, as the difference in Mg/Ca ratios between inner and outer calcite is not large enough to signifi-
cantly alter mean Mg/Ca values when cleaning P. obliquiloculata shells. The model demonstrates that with 
much higher TEs in the inner calcite and substantial inner calcite loss (Figures 1g and 1h), cleaning does 
significantly impact mean Mg/Ca values.

The model also highlights the serious consequences of cleaning on downcore reconstructions. Traditional 
cleaning procedures remove a considerable portion of the inner calcite and decrease TE values significantly. 
However, when careful cleaning techniques are employed, less inner calcite is removed, and mean TE/Ca 
values are minimally impacted. Additionally, samples with very high inner calcite TE/Ca values can be 
highly impacted by inner calcite loss, while impacts are less important in samples with more uniform TE/
Ca values. This may have implications for comparing TE reconstructions between time periods/regions that 
have markedly higher inner calcite TE/Ca ratios to time periods/regions with lower TE/Ca inner calcite; 
the relative difference is dampened by the fact that samples with higher TE/Ca are more impacted by inner 
calcite loss. Additionally, dissolution caused by shells residing in bottom waters/pore waters that are under-
saturated with respect to calcite may have similar effects to cleaning on TE/Ca ratios and may yield prefer-
ential dissolution of the inner calcite (Johnstone et al., 2010). In samples from undersaturated waters, TE/
Ca ratios may be dampened by both calcite dissolution in sediments and calcite dissolution during corrosive 
cleaning processes, particularly because samples that are already partly dissolved have weakened structures 
in inner calcite. Alternatively, in well-preserved shell from cores well above the regional lysocline, dissolu-
tion and cleaning may not as severely impact shell structure nor TE/Ca ratios, as compared to shells that 
have been impacted by dissolution in sediments. As the calcite saturation state is variable through time in 
cores close to the calcite saturation horizon, the dissolution effect on inner calcite may also vary through 
time in such locations.

4.3. Suggestions for Sample Preparation and TE Interpretation

No foraminifera cleaning technique is universally applicable, and few studies have addressed the effects 
of cleaning on the intrashell variability of Ba/Ca, Mn/Ca, and Zn/Ca ratios. We show that avoiding caus-
tic chemicals during cleaning and/or using a “careful cleaning method” (with reduced shell cracking and 
increased settling times) of foraminifera shells retains more of the inner calcite high in TEs and preserves 
the primary TE/Ca signal incorporated during ontogeny. Furthermore, we demonstrate that elevated Ba/
Ca, Mn/Ca, and Zn/Ca ratios are not always linked to diagenetic overprinting and in many cases aggres-
sive cleaning steps are not necessary and remove fragile inner calcite and reduce the mean TE signal. The 
removal of the inner calcite is particularly problematic in samples where TE/Ca ratios in inner calcite are 
high, which likely varies from region-region and through time.

Sample cleaning for geochemical analysis should be based on the nature of the material and the TEs of inter-
est, and care should be taken to determine if high Ba/Ca, Mn/Ca, and Zn/Ca are the result of contaminant 
phases or if they were incorporated during ontogeny before selecting cleaning methods for TE analysis. For 
accurate downcore reconstructions, we suggest the use of high-resolution techniques such as laser ablation 
and/or SEM analysis that first resolve the origin of high TEs (i.e., ontogenic vs. abiotic). If metal contami-
nants/precipitates are observed, or the material is suspected of high TE of abiotic origin, such as material 
originating from redox sensitive basins (e.g., Pena et al., 2005, 2008), the use of reductive chemicals may be 
appropriate (Panieri et al., 2017; Wan et al. 2018; Yu et al., 2007). If remnant organic material is suspected, 
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such as with material from recently living specimens or specimens from sediments with high organic matter 
content, the use of oxidative cleaning methods is recommended (e.g., Guo et al., 2019). The use of high-res-
olution sampling techniques (such as laser ablation depth profiling) in lieu of solution analyses could be 
employed for material of time slices of interest while still relying on bulk shell solution techniques for 
longer time-series reconstructions, considering that high-resolution techniques are costly and labor inten-
sive. This would ensure that the contaminated portions of the shell wall are excluded (Gibson et al., 2016; 
Koho et al., 2015; Pena et al., 2008, 2005) without employing corrosive cleaning steps that could remove the 
primary TE/Ca signal. Furthermore, downcore reconstructions that relied on solution analysis and samples 
cleaned using corrosive cleaning steps may be reevaluated using high-resolution sampling techniques. Such 
techniques may lead to reinterpretations of previously published deeper dwelling foraminifera Ba/Ca, Mn/
Ca, or Zn/Ca data as well as contributions of additional deeper dwelling foraminifera TE/Ca analysis which 
may increase the utility of Ba/Ca, Mn/Ca, and Zn/Ca in paleo-reconstructions.

5. Conclusion
We demonstrated, using the high-resolution sampling technique laser ablation ICP-MS, that deeper dwell-
ing nonspinose foraminifera N. dutertrei and P. obliquiloculata have high and variable trace elements in the 
inner (ontogenic) calcite. We further demonstrate that chemical and mechanical cleaning preferentially 
removes the inner calcite in samples prepared for both single shell laser analyses and bulk solution analy-
ses and favors the low trace element outer (crust/cortex) calcite. The preferential removal of inner calcite 
biases foraminiferal trace element results toward lower values and can yield data that is problematic for 
downcore applications. Mn/Ca, Ba/Ca, and Zn/Ca ratios, often very high in the ontogenic calcite and low in 
crust/cortex calcite, are particularly susceptible to alterations during cleaning, while Mg/Ca ratios are often 
more homogenous and less impacted. Careful evaluation of cleaning methods, incorporating laser ablation 
depth profiling, increases the potential for using trace elements such as Mn, Ba, and Zn in paleoclimate 
reconstructions. Furthermore, downcore reconstructions that relied on samples cleaned using the corrosive 
cleaning steps could be reevaluated using time-slice reconstructions and laser-ablation ICP-MS analyses.

Appendix A: Summary of Individual Shell Cleaning

A1. Step 1: Rinse

•  Place each individual shell or shell fragment in a microcentrifuge vial.
•  Rinse two to three times with methanol, ultrasonicating* briefly (5–60 s in 5 s intervals).
•  Aspirate methanol. Before aspirating, rap rack or tap vials to remove air bubbles caught in chambers.
•  Rinse three times in ultrapure water (18 MΩ), ultrasonication* briefly (5–30 s).
•  If shells appear unclean, repeat rinses above.

If clays remain, gently crack shells into larger fragments and repeat rinses without ultrasonication. Add 
ultrapure water “energetically” (i.e., squirt into bottom/sides of microcentrifuge vials so ultrapure water 
suspends loose clay particles/fragments). Allow fragments to settle before aspirations.

A2. Step 2: Oxidative

•  Prepare oxidative cleaning solution: 100 µL of 9.8 M (30%) H2O2 added to 30 mL of 0.1 M NaOH in fume 
hood.

•  Add 100 µL of the solution to individual microcentrifuge vials.
•  Close vials and screw rack lid down to prevent vials from opening during the heating step.
•  Place sample rack in warm water bath (∼65°C) for 10 min, flip and briefly (5–30 s) ultrasonicate* rack 

every 5 min.
•  Allow samples to cool briefly (5 min), then rap rack to remove air bubbles caught in chambers.
•  Aspirate solution, and rinse with ultrapure water four times (including vial caps); allow shells/fragments 

to settle to the bottom of the vial before aspirating water during rinses.
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A2. Step 3: Reductive
Step is not recommended unless metal oxide contaminants/Mn-Mg carbonate overgrowths are suspected/
observed.

•  Prepare reductive solution: mix 750 µL of 31 M anhydrous hydrazine added to 10 mL of 0.25 M ammo-
nium citrate and 10 mL of 14.6 M (30%) ammonium hydroxide in fume hood.

•  Add 50 µL of solution to individual microcentrifuge vials.
•  Close vials and screw rack lid down to prevent vials from opening during the heating step.
•  Place sample rack in sub-boiling (∼90°C) water bath for 30 min, flip and briefly ultrasonicate* (5 s) rack 

every 2–4 min.
•  Allow to cool briefly (5 min), then rap rack to remove air bubbles caught in chambers.
•  Aspirate solution, and rinse with ultrapure water four times (including vial caps); allow shells/fragments 

to settle to the bottom of the vial before aspirating water during rinses.

*if observe shells fragmenting, stop ultrasonication. For Step 1, stop ultrasonication, skip rest of methanol 
rinses and proceed to ultrapure water rinses.

Data Availability Statement
Data are available from https://doi.pangaea.de/10.1594/PANGAEA.922678.
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