
1. Introduction
Trace element to calcium ratios (TE/Ca) measured in the calcite shells of planktic foraminifera are wide-
ly used to reconstruct past upper ocean conditions such as temperature (Barker et  al.,  2003; Cleroux 
et al., 2013; Sadekov et al., 2009) and seawater carbon chemistry (Babila et al., 2018; Henehan et al., 2013; 
Sosdian et al., 2018). Their utility in paleoceanographic research is made possible by the fact that the TE 
composition of foraminifera shells is modulated by environmental conditions at the time of calcification 
(e.g., Allen et al., 2016; Lea et al., 2000; Russell et al., 2004). Paleoceanographic studies typically combine 
large numbers of microfossils (up to 100) from each sediment core interval, sediment trap sample, or plank-
ton tow to generate a single TE/Ca measurement (e.g., Dekens et al., 2002; Hollstein et al., 2017; Krupinski 
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Plain Language Summary Foraminifera are sand-grained sized marine protists that form 
a calcite shell. They are ubiquitous in the ocean, their shells are commonly found in ocean sediments, 
and they are widely used to reconstruct past ocean conditions. Advancements in analytical capabilities 
over the past 2 decades now allow researchers to conduct geochemical analyses on individual foraminifer 
shells, often referred to as individual foraminifer analysis or IFA. IFA differs from past techniques because 
it sheds light on seasonal and depth-specific ocean conditions experienced by a population of individuals 
rather than average conditions when many shells are analyzed together. Here, we present data from two of 
the most commonly used procedures, laser ablation and solution analysis, to generate trace element data 
from the same individual shells in four foraminifera species and compare the results. We find that data 
from the two techniques compare well, but depend on shell morphology. For shells of simple morphology 
or those with heavily calcified outer calcite layers, either technique can be used and results can be readily 
cross compared. For foraminifera that have more complex morphologies, we suggest carefully designed 
sampling to ensure valid cross-comparison between studies that use one or the other technique.
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et al., 2017). Such “bulk” solution TE analyses yield average population geochemistry for the material ana-
lyzed. However, there is a rich record of seasonal, interannual, and depth habitat information contained 
within populations that can only be explored with individual foraminifer analyses.

Advancements in analytical capabilities over the past 2 decades now allow researchers to conduct geochem-
ical analyses on individual foraminifer specimens, often referred to as individual foraminifer analysis or 
IFA. IFA permits an assessment of population variability, which can be linked to environmental conditions 
at the time of calcification or to postdepositional diagenesis, with the acknowledgment that shell chem-
istry can vary even among individuals grown in identical laboratory conditions (de Nooijer et al., 2014; 
Spero et al., 2015). This approach was pioneered by Schiffelbein and Hills (1984) and used in early pale-
oceanographic applications with stable isotopes (Billups & Spero, 1996; Oba, 1990; Spero & Williams, 1990; 
Stott, 1992). More recent efforts have examined the effects of shell dissolution on TE/Ca ratios (Rongstad 
et al., 2017) and have explored the use of oxygen isotope and/or TE/Ca ratios from individual foraminif-
era in different populations to reconstruct ice sheet meltwater geochemistry (Vetter et al., 2017) or ENSO 
dynamics (Ford et al., 2015; Koutavas & Joanides, 2012; Rongstad et al., 2020; Rustic et al., 2015; Schmitt 
et al., 2019; Thirumalai et al., 2013; White et al., 2018).

Trace element IFA can be achieved through solution-based inductively coupled plasma-mass spectrometry 
(ICP-MS), laser ablation ICP-MS, or via thin section sampling techniques such as NanoSIMS and electron 
microprobe analysis (EMPA). Solution and LA-based ICP-MS analyses are commonly applied in paleocean-
ographic reconstructions whereas NanoSIMS and EMPA are typically used to explore mechanisms respon-
sible for intrashell trace element variability (Eggins et al., 2004; J. Fehrenbacher and Martin, 2014; Jonkers 
et al., 2016; Kunioka et al., 2006; Sadekov et al., 2005). With solution-based IFA, specimens are analyzed 
whole, thereby averaging all chambers formed during ontogeny (e.g., Groeneveld et al., 2019; Rongstad 
et al., 2017). In contrast, LA-ICP-MS IFA utilizes laser spot analyses of either specific chambers or analyses 
of many chambers which are then combined to calculate an average TE/Ca value for a single specimen 
(Evans et al., 2016; Jonkers et al., 2012; Marr et al., 2013; Wit et al., 2010).

With the expanding use of different techniques for TE analyses on individual foraminifera shells, there 
is a clear need to cross calibrate data collected by LA-ICP-MS and solution-based techniques as no ma-
trix-matched standards are currently available for this purpose. Here, we compare the Mg/Ca and Sr/Ca 
ratios of individual foraminifer specimens that were first analyzed by LA-ICP-MS and then subsequently 
analyzed using solution-based ICP-MS. Mg/Ca is a valuable paleotemperature proxy and the TE most wide-
ly measured in foraminiferal calcite. While foraminiferal Sr/Ca is not as widely interpreted in paleocean-
ographic research, it is very routinely measured along with Mg/Ca, thus the comparison is of interest. We 
explore differences in average TE/Ca ratios and population geochemistry obtained using both methods. We 
discuss the implications of interpreting data derived from IFA and assumptions that must be considered if 
only a single individual chamber or a subset of chambers are analyzed using laser ablation IFA.

2. Methods
2.1. Species and Sampling Strategy

We chose species for analysis with a range of morphologies, trace element variability, and ecological hab-
itats that include Orbulina universa, Pulleniatina obliquiloculata, Trilobatus sacculifer (without the final 
sac-like chamber), and Neogloboquadrina dutertrei. O. universa and T. sacculifer are mixed-layer spinose 
species that possess dinoflagellate symbionts (Be et al., 1977; Gastrich, 1987). The final-stage morpholo-
gy of O. universa is a single large spherical chamber that comprises 90% of the shell mass (Spero, 1988) 
and contains similar trace element heterogeneity around the entire shell (Bonnin et al., 2019). T. saccu-
lifer is multichambered and has three chambers in the final whorl. P. obliquiloculata and N. dutertrei are 
multichambered thermocline dwelling nonspinose species that contain intracellular algal symbionts (Bird 
et al., 2018; Gastrich, 1987). P. obliquiloculata forms a thick cortex at the end of its ontogeny. The cortex 
has similar thickness in successive chambers and can represent an average of 32% of the shell wall thick-
ness (Steinhardt et al., 2015). N. dutertrei typically form a crust that varies in thickness between chambers, 
where older chambers are thickest and progressively thin toward the final chamber (Jonkers et al., 2012; 
Steinhardt et al., 2015).
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Foraminifera were picked from the 350–450 µm size fraction of the 18–20 cm interval (early Holocene) 
in core MW91-9 6GGC (2°12.54′S 156°57.9′E; 1.6 km depth). The core is located on the Ontong Java Pla-
teau and is well above the regional lysocline (Hales, 2003; McCorkle et al., 1995), which largely eliminates 
changes in TE/Ca ratios due to dissolution on the seafloor (Dekens et al., 2002; Regenberg et al., 2014). The 
sedimentation rate in this location is 1–2 cm/1,000 years, thus the 2 cm interval sample represents a mini-
mum of 500–1,000 years of sedimentation, likely longer due to the effects of bioturbation.

2.2. LA-ICP-MS Analysis
2.2.1. Sample Preparation for LA-ICP-MS

Specimens were rinsed (2x in ultrapure water, then 3x methanol, followed by 2x in ultrapure water) to re-
move finely adhering clays. Specimens were gently sonicated for 10 s during each rinse step. Rinses were 
followed by an oxidative cleaning step to remove any remnant organic matter from the outer whorl. This 
involved submersing the shells in a hot (65°C) mixture of 30% H2O2 buffered with 0.1 N NaOH for 10 min, 
during which samples were sonicated briefly for 10 s. The oxidative solution was then aspirated and the 
shells were rinsed 3x in ultrapure water. Specimens were dried in a fume hood and then transferred onto a 
slide prepared with double-sided carbon tape. O. universa shells were first cracked open under a microscope 
using a surgical scalpel (Shuxi & Shackleton, 1990) and a small fragment was transferred to the double-sid-
ed tape with the inner surface facing up. T. sacculifer shells were placed on the carbon tape with the aperture 
side up. N. dutertrei were placed on the carbon tape with the aperture side down. P. obliquiloculata were 
oriented randomly on the carbon tape.

2.2.2. Laser Ablation Protocol

Specimens were analyzed by LA-ICP-MS depth profiling (spot analysis) at the UC Davis Department of 
Earth and Planetary Sciences Stable Isotope Laboratory. Acquisitions were performed from the outer to 
inner surfaces on all species except O. universa, which were analyzed from the inside-to-outside. O. universa 
fragments were analyzed 2–3x. The final three chambers of T. sacculifer were analyzed 1–3x each. For N. 
dutertrei, depending on the orientation of the shell, 4–6 chambers were analyzed. Repeat analyses were 
obtained on chambers of N. dutertrei and T. sacculifer that were large enough to permit multiple laser spots. 
The P. obliquiloculata specimens had a moderately thick cortex which made the identification of individual 
chambers difficult during LA analysis, therefore 2–3 spots were analyzed in random locations on the shell. 
After LA analysis was complete, specimens were removed from the tape using methanol. Specimens were 
subsequently analyzed using solution-based ICP-MS analysis (see Section 2.3).

LA-ICP-MS analytical settings are summarized in Table 1. Eleven isotopes were measured using a rapid 
peak hopping procedure. Here we report only the Mg/Ca and Sr/Ca ratios. NIST SRM glass standards (610, 
612, and 614) were analyzed periodically during the data collection period. Following our laboratory proto-
cols, we analyzed a fossil O. universa to assess Mg/Ca and Sr/Ca reproducibility within and between analyt-
ical sessions (Fehrenbacher et al., 2015). A total of 22 replicate analyses were obtained from the same fossil 
O. universa between October 2013 and June 2015. The mean Mg/Ca ratio from these repeat measurements 
is 7.12 ± 0.4 mmol/mol (1σ). The mean Sr/Ca ratio from these repeat measurements is 1.34 ± 0.06 mmol/
mol (1σ).

2.2.3. Laser Data Processing

TE/Ca were calculated offline in LA-Tools (Branson et al., 2019), a Python-based laser data reduction pro-
gram. LA-Tools follows established data reduction protocols (Longerich et al., 1996) including screening for 
outliers (using an exponential decay despiking protocol and signal smoothing), drift correction by bracket-
ing samples with NIST SRM analyses (610, 612, and 614), and subtracting average background counts from 
each data point. We used Al/Ca to screen for clay contamination and excluded data with Al/Ca ratios that 
exceed 0.4 nmol/mol. The mean TE/Ca for each profile is calculated by normalization to the known trace 
element concentrations in the drift-corrected NIST SRM standards (Jochum et al., 2011). 43Ca was used 
as an internal standard. Individual chamber TE/Ca averages were obtained by integrating TE/Ca ratios 
throughout the depth profile, after excluding high TE/Ca ratios often encountered at the beginning of the 
ablation (e.g., Figure S1A in Fehrenbacher et al., 2018).
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2.2.4. Calculating Average Shell TE/Ca Ratios

Whole shell averages for O. universa and P. obliquiloculata were calculated by averaging the TE/Ca of the 
repeat analyses on each shell. For the multichambered species T. sacculifer and N. dutertrei, nonweighted 
and weighted whole shell averages were calculated. The nonweighted average was calculated by taking the 
chamber averages (i.e., the average TE/Ca of all repeat analyses on the same chamber) and giving them 
equal weight. For example, if a T. sacculifer specimen was analyzed 2x each on the F and F-1 chambers 
and 1x on the F-2 chamber. The whole shell average would be calculated as follows ((FTE/Ca-ratio + FTE/Ca-ra-

tio)/2 + (F-1TE/Ca-ratio + F-1TE/Ca-ratio)/2 + F-2TE/Ca-ratio)/3. The nonweighted average assumes that each cham-
ber contributes the same amount of calcite to the shell average. In most multichambered species, chambers 
vary in size and thickness, therefore each chamber likely does not contribute the same amount of calcite 
to the shell average. We attempt to take this into account by calculating a weighted average based upon 
ablation time, which varies as a function of chamber thickness as long as the energy and repetition rate are 
consistent from spot to spot. We first calculate the TE/Ca ratio of each chamber, then sum the total amount 
of time each shell took to ablate, and weight the chambers based upon the ablation time. For example, the 
F, F-1, and F-2 chambers of sample S1 took an average of 37, 57, and 75 s to ablate, respectively, for a total 
of 168 s. The weighted whole shell average is then: FTE/Ca-ratio × (37/168) + F-1TE/Ca-ratio × (57/168) + F-2TE/

Ca-ratio × (75/168). For N. dutertrei, the sizes of the chambers in the final whorl are not very different and a 
weighted average based upon thickness is likely accurate. However, for T. sacculifer, the F chamber is the 
largest and thinnest chamber and the F-1 and F-2 chambers are generally similar in size but more thickly 
calcified, and so the weighted average might not be very accurate. We explore the implications of the non-
weighted versus weighted averages in the discussion.

2.3. Solution ICP-MS Analysis
2.3.1. Sample Preparation for Solution ICP-MS

Following laser ablation analysis, foraminifera shells were removed from the carbon tape and then shipped 
to the INSTAAR Trace Metal Lab at the University of Colorado Boulder for analysis by solution ICP-MS, us-
ing methods described by Rongstad et al. (2017). Each shell was first weighed on a microbalance with 1 µg 
precision. Although the whole shells were previously cleaned for the LA analyses, remnant organic matter 
and fine clays can be present in the small inner chambers that were not exposed to cleaning. Specimens 
were therefore cracked open and oxidatively cleaned again prior to solution analysis. Individual shells were 
gently crushed between two glass microscope slides to open all chambers to cleaning reagents, then load-
ed into 500 µL polypropylene microcentrifuge vials that were preleached in hot 0.5 N HCl. The oxidative 
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Agilent 7700x ICP-MS operating conditions
RF Power 1500W
Argon (carrier) gas 1.05 lpm
Ar coolant gas flow 15 lpm
Ar auxiliary gas flow 1 lpm
Isotopes 11B, 24Mg, 25Mg, 27Al, 43Ca, 44Ca, 55Mn, 66Zn, 88Sr, 138Ba, 238U
Dwell time per mass Variable: 10 ms–50 ms
Total sweep time 424 ms

Photon Machines Analyte G2 UV Excimer operating conditions
He gas flow 1.05 lpm
ThO+/Th+ <0.4%
Laser pulse rate 5 Hz
Energy 1.24 J/cm; 1.67 J/cm (P. obliquiloculata only)
Spot size 50–65 µm

Table 1 
Summary of Operating Conditions for the Laser Analyses
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cleaning procedure was developed from the methods of Boyle and Keig-
win (1985/1986) and Barker et al. (2003), with several changes intend-
ed to minimize sample loss (Rongstad et al., 2017). Clays were siphoned 
away after each of four 1-min sonications alternating between methanol 
and ultrapure water. Samples were then heated for 10 min in 100 µL of an 
oxidative solution containing 0.4% of 30% H2O2 in 0.1 N NaOH, followed 
by five rinses in ultrapure water. Cleaned foraminifera were transferred 
to clean microcentrifuge vials and dissolved in 100 µL of 0.5% (0.075 N) 
trace metal grade HNO3. Sample mass loss was estimated by comparing 
each sample's measured Ca concentration (in a known volume of acid) to 
its precleaning mass. The presence of infill prior to cleaning could lead to 
calculated sample losses being overestimated, but this effect is minimized 
by the precleaning prior to laser analysis.

2.3.2. Solution ICP-MS Protocol

Dissolved samples were pipetted into polytetrafluorethylene cups and 
diluted with 400 µL of 2% trace metal grade HNO3 for analysis on a Ther-
moFinnigan Element2 magnetic sector ICP-MS, following the methods 
of Rongstad et al. (2017). Four external gravimetric liquid standards were 
brought to concentrations approximating those in samples containing 
5 µg of CaCO3, and were each analyzed four times during a run (between 
every eight samples). Five acid blanks were also analyzed during each 
run. To account for small sample sizes, dwell times (the amount of time 
spent measuring each discrete mass within an elemental peak scan) were 
increased relative to the routine trace metal method of Marchitto (2006): 

26Mg was increased tenfold to 0.1 s, and the contaminant indicators 27Al, 55Mn, and 56Fe were doubled to 
0.02 s. 43Ca and 88Sr remained at 0.01 s due to their relatively high count rates. All low-resolution isotopes 
(26Mg, 43Ca, 55Mn, and 88Sr) were run in Analog detection mode to ensure that metal/Ca ratios were meas-
ured in the same mode, while medium resolution isotopes (27Al, 43Ca, and 56Fe) were run in both mode to 
accommodate a wide range of contaminant concentrations. Analysis of liquid consistency standards indi-
cates analytical precision (±1σ) of 0.6% for Mg/Ca and 0.5% for Sr/Ca, with no significant dependence on 
sample size over the range of 0.2–100 µg CaCO3 equivalent.

2.3.3. Solution ICP-MS Data Processing

Elemental ratios were calculated offline. Raw isotope count rates were first corrected for process and ma-
chine blanks by subtracting the linearly interpolated count rates of five acid blanks analyzed during each 
run. Blank-corrected TE counts were then ratioed to blank-corrected Ca counts, with those ratios in the 
four external standards being regressed against their known molar ratios to produce linear standard curves. 
Blank counts and standard curve slopes and intercepts were monitored for quality control. Sample molar 
ratios were then calculated using linear interpolation between the four standard curves, with one gravimet-
ric liquid consistency standard being analyzed as an unknown for additional quality control. No resolvable 
matrix effects were observed over the small range of Ca concentrations investigated here.

3. Results
Average Mg/Ca and Sr/Ca ratios obtained for each specimen are detailed in Tables 2–5. For O. universa and 
P. obliquiloculata, we average repeat analyses to obtain whole shell specimen averages. For T. sacculifer and 
N. dutertrei, we report individual chamber ratios (averages of repeat spot analyses on the same chambers) 
and whole shell averages (individual chambers are averaged together). We report weighted and nonweight-
ed averages for the multichambered species T. sacculifer and N. dutertrei.
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Specimen # Laser Mg/Ca
Solution Mg/

Ca Laser Sr/Ca
Solution 

Sr/Ca

1 8.34 7.95 1.36 1.33
2 9.46 10.77 1.35 1.38
3 8.92 9.22 1.32 1.32
4 7.11 7.16 1.37 1.36
5 7.67 7.09 1.36 1.38
6 9.95 9.76 1.51 1.46
7 8.51 8.63 1.43 1.39
8 9.37 8.66 1.36 1.36
9 9.80 11.39 1.45 1.42
10 10.09 9.16 1.42 1.40
11 12.42 10.74 1.45 1.42
12 11.20 10.42 1.42 1.39
13 10.47 9.16 1.44 1.40
Mean 9.49 9.24 1.40 1.39
Std. dev (1σ) 1.44 1.36 0.06 0.04
Variance 2.07 1.85 0.003 0.002

Table 2 
Orbulina universa Trace Element to Calcium Ratios Data
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3.1. O. universa
3.1.1. Mg/Ca Data

LA-based Mg/Ca ratios range from 7.11 to 12.42  mmol/mol (mean: 
9.49 ±  1.44 [1σ] mmol/mol; Figure  1a; Table  2). Solution-based Mg/
Ca ratios range from 7.09 to 11.39 mmol/mol (mean: 9.24 ± 1.36 [1σ] 
mmol/mol; Figure 1a; Table 2). The two data sets have similar variances 
(Levene's test; p = 0.95) and the LA and solution-based Mg/Ca data are 
statistically (pairwise) similar (paired student's t-test, p = 0.36). The cor-
relation between the two data sets, assessed using a Pearson's correlation 
coefficient, is 0.78 (Figure 2a).

3.1.2. Sr/Ca Data

LA-based Sr/Ca ratios range from 1.32 to 1.51  mmol/mol (mean: 
1.40 ± 0.06 [1σ] mmol/mol; Figure 1b, Table 2). Solution-based Sr/Ca 
ratios range from 1.32 to 1.46 mmol/mol (mean: 1.39 ± 0.04 [1σ] mmol/
mol; Figure 1b, Table 2). Variances between the two data sets are similar 
(Levene's test; p = 0.09). The LA and solution-based Sr/Ca data are not 
statistically similar (paired student's t-test, p = 0.02). The correlation be-
tween the two data sets, assessed using a Pearson's correlation coefficient, 
is 0.93 (Figure 2b).

3.2. P. obliquiloculata
3.2.1. Mg/Ca Data

LA-based Mg/Ca ratios range from 2.24 to 3.88  mmol/mol (mean: 
2.93 ± 0.53 [1σ] mmol/mol; Figure 1c, Table 3). Solution-based Mg/Ca 
ratios range from 1.83 to 3.73 mmol/mol (mean: 2.74 ± 0.56 [1σ] mmol/
mol; Figure 1c, Table 3). Variances between the two data sets are similar 

(Levene's test; p = 0.77). The LA and solution-based Mg/Ca data are not statistically similar (paired stu-
dent's t-test, p = 0.02). The correlation between the two data sets, assessed using a Pearson's correlation 
coefficient, is 0.88 (Figure 3a).

3.2.2. Sr/Ca Data

LA-based Sr/Ca ratios range from 1.34 to 1.55 mmol/mol (mean: 1.42 ± 0.07 [1σ] mmol/mol; Figure 1d, 
Table 3). Solution-based Sr/Ca ratios range from 1.37 to 1.56 mmol/mol (mean: 1.42 ± 0.1 [1σ] mmol/mol; 
Figure 1d, Table 3). Variances between the two data sets are similar (Levene's test; p = 0.18). The LA and 
solution-based Sr/Ca data are statistically similar (paired student's t-test, p = 0.89). The correlation between 
the two data sets, assessed using a Pearson's correlation coefficient, is 0.65 (Figure 3b). There is one 2σ 
outlier in the Sr/Ca solution data (red box in Figure 3b). Removing the outlier increases the correlation 
coefficient to 0.74.

3.3. T. sacculifer
3.3.1. Mg/Ca Data

Nonweighted LA-based Mg/Ca ratios (see methods) range from 3.65 to 6.08 mmol/mol (mean: 4.46 ± 0.61 
[1σ] mmol/mol; Figure 1e, Table 4). Weighted whole shell LA-based Mg/Ca ratios (see methods) range from 
3.66 to 6.12 mmol/mol (mean: 4.50 ± 0.63 [1σ] mmol/mol; Figure 1e, Table 4). Individual chamber Mg/Ca 
means are 4.25 ± 0.77, 4.44 ± 0.63, and 4.70 ± 0.72 mmol/mol [1σ], for the F, F-1, and F-2 chambers, re-
spectively (Figure 1e, Table 4). The F and F-1 chamber means are not significantly different (student's t-test, 
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Specimen #
Laser Mg/

Ca
Solution Mg/

Ca
Laser Sr/

Ca
Solution Sr/

Ca

1 3.64 3.36 1.37 1.39
2 2.64 2.54 1.39 1.38
3 2.49 2.56 1.48 1.56
4 3.88 3.73 1.42 1.45
5 2.80 2.16 1.52 1.43
6 2.33 2.39 1.38 1.37
7 3.30 3.32 1.41 1.42
8 2.86 2.71 1.37 1.37
9 3.71 3.11 1.55 1.45
10 3.28 3.39 1.36 1.42
11 2.40 1.83 1.49 1.47
12 3.04 2.62 1.39 1.42
13 2.24 2.00 1.36 1.37
14 2.91 3.07 1.45 1.44
15 2.49 2.46 1.34 1.39
Mean 2.93 2.75 1.42 1.42 (1.41)
Std. dev (1σ) 0.53 0.56 0.07 0.05 (0.03)
Variance 0.28 0.31 0.004 0.003 (0.001)

Notes. Bold font denotes a statistical outlier (>2σ). Values in () are 
calculated after excluding the outlier.

Table 3 
Pulleniatina obliquiloculata Trace Element to Calcium Ratios Data
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p = 0.34), however the F and F-1 chamber means are significantly different compared to the F-2 chamber 
(student's t-tests, p = 0.03 [F vs. F-2]; p = 0.01 [F-1 vs. F-2]). Solution-based Mg/Ca ratios range from 3.50 
to 4.45 mmol/mol (mean: 3.95 ± 0.29 [1σ] mmol/mol; Figure 1e, Table 4). The whole shell LA-based Mg/
Ca data (nonweighted and weighted sample means) are significantly higher than the solution-based data 
(paired student's t-tests, p << 0.01). Paired student's t-tests, to assess the similarity of individual chamber 
Mg/Ca data and the solution Mg/Ca data, show that the F chamber data are statistically similar to the solu-
tion data (p = 0.13), but the F-1 and F-2 data are not similar to the solution data (p << 0.01).

Variances between the F and F-1 data and the solution data are not similar (Levene's test; p = 0.01 and 
p = 0.04, respectively). The F-2 data and solution data variances are similar (Levene's test, p = 0.06). The 
variance of the mean LA-based Mg/Ca data (nonweighted and weighted) are similar to the solution data 
(Levene's test; p = 0.10 (nonweighted) and p = 0.09 (weighted)). When the outlier is excluded, the Levene's 
test for equal variances between the F, F-1, and F-2 chambers, the nonweighted and weighted mean LA 
data versus the solution data are as follows: p = 0.03, 0.12, 0.07, 0.27, and 0.13. That is, the variances of all 
but the F chamber are statistically similar to the variance of the solution data. The correlation between the 
LA-based data and the solution data, assessed using a Pearson's correlation coefficient, is 0.41, 0.54, 0.71, 
0.64, and 0.63 for the F, F-1, F-2, nonweighted, and weighted data versus the solution data. When the outlier 
sample is removed, the correlation coefficients are 0.32, 0.50, 0.73, 0.67, and 0.66 for the F, F-1, F-2, non-
weighted, and weighted LA data versus the solution data (Figures 4a–4e).
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Laser Mg/Ca data (mmol/mol) Solution 
data 
(mmol/
mol)

Laser Sr/Ca data (mmol/mol) Solution 
data 
(mmol/
mol)Chamber

Specimen 
mean Chamber

Specimen 
mean

Specimen # F F-1 F-2
Non-
Wtd Wtd Mg/Ca F F-1 F-2

Non-
Wtd Wtd

1 3.78 3.77 3.41 3.65 3.66 3.50 1.39 1.39 1.35 1.38 1.38 1.36
2 5.94 5.93 6.38 6.08 6.12 4.24 1.48 1.53 1.47 1.49 1.49 1.43
3 3.66 4.47 4.57 4.23 4.32 3.93 1.37 1.40 1.39 1.38 1.39 1.36
4 3.16 4.85 5.12 4.37 4.46 4.06 1.37 1.37 1.37 1.37 1.37 1.34
5 4.52 5.02 5.10 4.88 4.91 3.72 1.38 1.41 1.38 1.39 1.39 1.34
6 4.63 4.23 5.16 4.67 4.81 4.17 1.50 1.48 1.47 1.48 1.48 1.43
7 4.14 3.84 4.18 4.05 4.03 3.82 1.48 1.47 1.51 1.49 1.49 1.45
8 4.04 3.91 4.12 4.02 3.98 3.61 1.42 1.42 1.37 1.40 1.42 1.37
9 3.96 4.28 4.71 4.32 4.44 3.74 1.40 1.42 1.50 1.44 1.45 1.43
10 3.03 4.68 4.70 4.14 4.06 4.10 1.50 1.49 1.51 1.50 1.50 1.46
11 4.91 4.31 4.54 4.59 4.63 4.11 1.44 1.49 1.44 1.46 1.46 1.39
12 4.05 3.61 3.81 3.82 3.82 3.58 1.35 1.39 1.33 1.36 1.35 1.35
13 4.64 4.19 4.94 4.59 4.61 4.45 1.42 1.38 1.44 1.41 1.41 1.37
14 5.02 5.14 5.09 5.09 5.09 4.27 1.41 1.44 1.42 1.42 1.42 1.38
Mean 4.25 4.44 4.70 4.46 4.50 3.95 1.42 1.43 1.42 1.43 1.43 1.39
Std. dev 1σ 0.77 0.63 0.72 0.61 0.63 0.29 0.05 0.05 0.06 0.05 0.05 0.04
Variance 0.59 0.40 0.51 0.38 0.39 0.09 0.003 0.003 0.004 0.003 0.003 0.002

Note. Bold font denotes a statistical outlier (>2σ).

Table 4 
Trilobatus sacculifer Trace Element to Calcium Ratios Data
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3.3.2. Sr/Ca Data

LA-based Sr/Ca ratios range from 1.36 to 1.50 mmol/mol (mean: 1.43 ± 0.05 [1σ] mmol/mol; Figure 1f, 
Table 4). F, F-1, and F-2 Mg/Ca chamber means are 1.42 ± 0.05, 1.43 ± 0.05, and 1.42 ± 0.06 mmol/mol 
[1σ], respectively. The F-1 chamber is statistically different from the F and F-2 chambers (student's t-test, 
p = 0.01 and p = 0.02 for the F vs. F-1 and F-1 vs. F-2, respectively), however the F-1 and F-2 chamber 
means are not significantly different (student's t-tests, p = 0.70). Solution-based Sr/Ca ratios range from 
1.34 to 1.46 mmol/mol (mean: 1.39 ± 0.04 [1σ] mmol/mol; Figure 1f, Table 4). The LA-based Sr/Ca data 
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Specimen

Chamber Specimen mean
Solution data 
(mmol/mol)F F-1 F-2 F-3 F-4 F-5 Non-Wtd Wtd

Laser Mg/Ca data (mmol/mol)
1 4.24 3.21 2.94 2.78 3.03 3.18 3.23 3.09
2 3.88 3.01 1.31 0.94 - 2.08 2.25 2.05 1.78
3 3.62 3.99 3.01 2.32 2.01 - 2.99 3.00 2.46
4 3.21 2.33 1.71 - - - 2.42 2.30 1.91
5 4.65 4.53 3.39 2.85 2.56 - 3.60 3.31 2.70
6 2.58 1.63 1.38 1.53 - - 1.78 1.61 1.83
7 4.36 3.71 2.94 3.39 3.32 3.27 3.50 3.46 2.68
8 4.25 2.86 2.56 2.02 2.70 - 2.88 2.67 2.43
9 2.10 2.22 2.90 3.98 3.28 - 2.90 2.53 2.11
10 2.42 3.11 2.04 2.03 2.44 3.83 2.65 2.35 2.05
11 2.78 3.02 2.89 2.81 - - 2.87 2.91 2.95
12 3.00 2.96 2.71 2.41 2.50 3.46 2.84 2.74 2.24
13 4.45 4.43 3.29 3.27 3.88 - 3.86 3.77 2.80
Mean 3.50 3.15 2.54 2.53 2.86 3.16 2.90 2.75 2.36
Std. dev (1σ) 0.87 0.85 0.70 0.84 0.57 0.65 0.57 0.60 0.40
Variance 0.75 0.71 0.49 - - - 0.32 0.36 0.16

Laser Sr/Ca data (mmol/mol)
1 1.53 1.43 1.37 1.31 1.37 1.41 1.40 1.38 1.39
2 1.46 1.44 1.40 1.50 - 1.42 1.44 1.44 1.42
3 1.49 1.51 1.45 1.46 1.47 - 1.48 1.47 1.43
4 1.31 1.31 1.34 - - - 1.32 1.32 1.35
5 1.38 1.44 1.35 1.30 1.36 - 1.37 1.36 1.44
6 1.38 1.33 1.38 1.39 - - 1.37 1.36 1.37
7 1.41 1.33 1.35 1.28 1.34 1.40 1.35 1.33 1.40
8 1.34 1.33 1.25 1.34 1.31 - 1.31 1.32 1.34
9 1.38 1.32 1.38 1.43 1.43 - 1.39 1.38 1.36
10 1.43 1.43 1.43 1.43 1.45 1.44 1.43 1.43 1.43
11 1.39 1.37 1.30 1.37 - - 1.36 1.34 1.33
12 1.46 1.40 1.30 1.35 1.37 1.34 1.37 1.36 1.41
13 1.42 1.47 1.47 1.45 1.38 - 1.44 1.44 1.42
Mean 1.41 1.39 1.37 1.38 1.38 1.40 1.39 1.38 1.39
Std. dev (1σ) 0.06 0.07 0.06 0.07 0.05 0.04 0.05 0.05 0.04
Variance 0.004 0.004 0.004 - - - 0.003 0.003 0.002

Table 5 
Neogloboquadrina dutertrei Trace Element to Calcium Ratios Data
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(whole shell nonweighted and weighted data) are not statistically similar to the solution-based data (paired 
student's t-tests, p << 0.01).

Variances between the F and F-1 chambers and the solution data are not similar (Levene's test; p = 0.01 and 
p = 0.04, respectively). Variances between the F-2 and solution data are similar (Levene's test, p = 0.06). 
The variance of the mean LA based data (nonweighted and weighted) are similar to the solution data (Lev-
ene's test; p = 0.10 [nonweighted] and p = 0.09 [weighted]). The correlation between the LA-based Sr/Ca 
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Figure 1. Boxplots of the Mg/Ca (a, c, e, and g) and Sr/Ca (b, d, f, and h) data for Orbulina universa (a and b), 
Pulleniatina obliquiloculata (c and d), Neogloboquadrina dutertrei (e and f) and Trilobatus sacculifer (g and h). Colored 
triangles within each boxplot are the mean trace element to calcium ratios. Numbers above boxes refer to the number 
of chambers/analyses represented by the box plots. Red “plus” symbols denote statistical outliers (>2σ).

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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data and the solution Sr/Ca data, assessed using a Pearson's correlation coefficient, is 0.87, 0.79, 0.91, 0.93, 
and 0.95 for the F, F-1, F-2, mean nonweighted and weighted data versus the solution data, respectively 
(Figures 4f–4j).

3.4. N. dutertrei
3.4.1. Mg/Ca Data

Nonweighted LA-based Mg/Ca ratios (see methods) range from 1.78 to 3.86 mmol/mol (mean: 2.90 ± 0.57 
[1σ] mmol/mol; Figure 1g, Table 5). Weighted whole shell LA-based Mg/Ca ratios (see methods) range from 
1.61 to 3.77 mmol/mol (mean: 2.75 ± 0.60 [1σ] mmol/mol; Figure 1g). Individual chamber Mg/Ca means 
are 3.50 ± 0.87, 3.15 ± 0.85, 2.54 ± 0.70, 2.53 ± 0.84, 2.86 ± 0.57, and 3.16 ± 0.65 (1σ) mmol/mol, for the 
F, F-1, F-2, F-3, F-4, and F-5 chambers, respectively (Figure 1g, Table 5). Note that the F-4 chamber was 
analyzed in nine specimens and the F-5 chamber was analyzed in only five of the 13 specimens (Table 5). 
Chamber means are statistically different (Kruskal-Wallis Analysis of Variance (ANOVA): Chi-squared 11.5, 
p = 0.04). Solution-based Mg/Ca ratios range from 1.78 to 2.95 mmol/mol (mean: 2.36 ± 0.40 [1σ] mmol/
mol; Figure 1g, Table 5). The mean LA-based Mg/Ca data are not statistically similar to the solution-based 

FEHRENBACHER ET AL. 10 of 20

10.1029/2020GC009254

Figure 2. Scatter plots of the (a) Mg/Ca and (b) Sr/Ca data from the Orbulina universa paired laser (x-axis) and 
solution analyses (y-axis). The dashed line in each plot is the 1:1 line. The solid line represents the slope of a type 
2 regression analysis. The r value is the correlation coefficient. The error bars are the standard deviation of repeat 
analyses on the same specimen.

(b)(a)

Figure 3. Scatter plots of the (a) Mg/Ca and (b) Sr/Ca data from the Pulleniatina obliquiloculata laser (x-axis) and 
solution analyses (y-axis). The dashed and solid lines and error bars in each plot are the same as in Figure 2. The r value 
is the correlation coefficient (r value in parenthesis is the correlation coefficient after excluding the statistical outlier 
[red box]).

(a) (b)
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Figure 4. Scatter plots of the Mg/Ca (a–e) and Sr/Ca (f–j) data from Trilobatus sacculifer paired laser (x-axis) and solution analyses (y-axis). Mg/Ca data for 
individual chambers (a–c), nonweighted (d), and weighted means (e) versus solution data. Sr/Ca data for individual chambers (f–h), nonweighted (i), and 
weighted (j) means. Dashed and solid lines are similar to Figure 2 The r value is the correlation coefficient (r value in parenthesis is the correlation coefficient 
after excluding the statistical outlier (red box in [a–e]).

(a) (b)

(d) (e)

(f) (g)

(i) (j)

(h)
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data (paired student's t-test, p << 0.01 for both nonweighted and weighted LA data vs. solution data). Paired 
student's t-tests, to assess the similarity of the mean Mg/Ca ratios of individual chambers and the solution 
data, show that the F and F-1 chamber means are not similar to the mean of the solution data (p << 0.01). 
The F-2, F-3, and F-4 chamber means are similar to the mean of the solution data (p = 0.13, 0.51, and 0.50, 
for the F-2, F-3, and F-4 chambers, respectively).

Variances between the whole shell LA data and the solution data sets are similar whether the LA sample 
means are nonweighted (Levene's test; p = 0.58) or weighted (Levene's test; p = 0.27). A Levene's test for 
homogeneity of variance reveals the F and F-2 chambers do not have similar variance when compared to 
the solution data, but the F-1, F-3, and F-4 chambers have similar variance compared to the solution data. 
The correlation between the solution data and the F, F-1, F-2, F-3, F-4, whole shell nonweighted, and whole 
shell weighted data, assessed using a Pearson's correlation coefficient, is 0.51, 0.68, 0.86, 0.60, 0.41, 0.82, and 
0.88, respectively (Figures 5a–5g).

3.4.2. Sr/Ca Data

LA-based Sr/Ca ratios range from 1.31 to 1.48  mmol/mol (mean: 1.39  ±  0.05 [1σ] mmol/mol; Fig-
ure  1h, Table  5). Weighted whole shell Sr/Ca ratios (see methods) range 1.31–1.47 mmol/mol (mean: 
1.38 ± 0.05 mmol/mol [Figure 3a]. The F, F-1, F-2, F-3, and F-4 chamber Sr/Ca means are 1.41 ± 0.06, 
1.39 ± 0.07, 1.37 ± 0.06, 1.38 ± 0.07, and 1.38 ± 0.05 (1σ), respectively (Table 5). Chamber means are sta-
tistically similar (Kruskal-Wallis ANOVA: Chi-squared 3.5, p < 0.57). Solution-based Sr/Ca ratios range 
from 1.33 to 1.44 mmol/mol (mean: 1.39 ± 0.04 [1σ] mmol/mol [Figure 1h]). Nonweighted and weighted 
LA-based Sr/Ca data are statistically similar to the solution-based data (paired student's t-test, p = 0.62 and 
p = 0.29 for the LA-based nonweighted and weighted data, respectively). Paired student's t-tests, to assess 
the similarity of the mean Sr/Ca ratios of individual chambers and the solution data, show that the Sr/Ca 
ratios of all individual chambers are similar to the solution data (p = 0.13, 0.85, 0.07, 0.58, and 0.28 for the 
F, F-1, F-2, F-3, and F-4 chambers, respectively

Variances between the F-1 and F-3 chambers are not similar to the variance of the solution data, however 
the F, F-2, and F-4 chamber variances are similar to the variance of the solution data. Variances between the 
whole shell LA data and the solution data sets are similar whether the LA sample means are nonweighted 
(Levene's test; p = 0.41) or weighted (Levene's test; p = 0.37). The correlation, assessed using a Pearson's 
correlation coefficient, between the solution data and the F, F-1, F-2, F-3, F-4, whole shell nonweighted LA 
data, and whole shell weighted data is 0.59, 0.80, 0.64, 0.21, 0.44, 0.69, and 0.88, respectively (Figures 5h–5n).

4. Discussion
Ideally, TE/Ca ratios measured on the same foraminifer specimen would be in agreement regardless of 
how the analyses are performed. Here, we show that Mg/Ca and Sr/Ca ratios compare well when the same 
specimens are analyzed on a laser and then subsequently in solution (Figure 6). For foraminifers of simple 
morphology, like O. universa, and heavily calcified P. obliquiloculata with thick cortexes, the data from ei-
ther technique are generally within instrument error, are moderately to highly correlated, and have similar 
variances (Figures 1a–1d, 2, and 3). For foraminifers with more complex morphologies, like N. dutertrei and 
T. sacculifer, the correlation between the two techniques is highest when all chambers in the final whorl 
of the shell are analyzed on the laser and the specimen averages are weighted (Figures 4 and 5). However, 
the laser values for these two species still tend to be slightly higher than the solution values and the slopes 
between the two techniques are often far from a 1:1 relationship. The greatest disagreement between the 
two techniques arises when single chamber LA-ICP-MS TE data are compared to the solution data from an 
entire shell. For example, for T. sacculifer, the Mg/Ca data for the F and F-1 chambers are only moderately 
correlated with the solution data (r = 0.41 and 0.54, for the F and F-1 chambers respectively; Figures 4a 
and 4b), but the correlation increases if the laser data from all chambers is averaged (r = 0.64 and 0.62 
for nonweighted and weighted means, respectively; Figure 4e). For the same specimens, the Sr/Ca data is 
highly correlated with the solution data regardless of which individual chamber is analyzed and the corre-
lation only slightly improves when the whole shell averages are weighted (r = 0.95) (Figures 4F–4j). For N. 
dutertrei, the Mg/Ca and Sr/Ca laser data for different chambers is far more variable than the solution data 
and correlations improve considerably (r = ∼0.9) when the specimen averages are weighted (Figure 5). For 
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Figure 5. Scatter plots of the Mg/Ca (a–g) and Sr/Ca (h–n) data from the Neogloboquadrina dutertrei paired laser (x-axis) and solution analyses (y-axis). Mg/Ca 
data for individual chambers (a–e), nonweighted (f), and weighted (g) means versus solution data. Sr/Ca data for individual chambers (h–n), nonweighted (m), 
and weighted (n) means. Dashed and solid lines in each plot as in Figure 2.
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both species, the variance is highest among F chambers and decreases with ontogenic age (older chambers 
have lower variance). The variance of the laser data is most similar to the solution data variance when the 
laser data is averaged for all chambers. These results suggest that for multichambered species, especially 
those with significant chamber-to-chamber TE variability (Figures 1e–1h), all chambers in the final whorl 
should be analyzed when using the laser, especially if results (population means and/or variances) are to be 
used to compute the average environmental conditions experienced by an individual and/or compared to 
interpretations that rely on solution-based IFA.

In the discussion below, we first explore possible mechanisms that could explain offsets in the average TE/
Ca values between the two techniques. We then explore assumptions made when interpreting single cham-
ber TE/Ca data derived from the laser and offer best practices for generating and interpreting IFA TE data.

4.1. Possible Sources of TE/Ca Offsets

The two IFA methods compared in this study are not intercalibrated methods. The general agreement 
between the TE/Ca ratios measured in the species with simple morphology or crusts (O. universa and 
P. obliquiloculata) and the generally better correlation between Sr/Ca data compared to the Mg/Ca data 
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Figure 6. (a) Mg/Ca and (c) Sr/Ca data for all specimens analyzed via LA-ICP-MS (weighted means) and solution-
based ICP-MS. The solid line represents a 1:1 correlation between the two techniques. The gray dashed lines represent 
the ± 10% and ± 5% 1:1 correlation for the Mg/Ca and Sr/Ca data, respectively. The r value is the Pearson's correlation 
coefficient. The r values in parentheses are the correlation coefficients after removing outliers (red boxes). (b) Mg/Ca 
and (d) Sr/Ca solution percentage deviation from the laser data versus the fraction of shell mass lost during cleaning for 
the solution-based analyses. ICP-MS, Inductively coupled plasma-mass spectrometry.

(a) (b)

(c) (d)
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suggests that the offsets in the TE/Ca values in the species of more complex morphologies is not analytical. 
And, the overall agreement between the two techniques, especially when all chambers in the final whorl of 
multichambered species are analyzed, is quite good. Here, we explore potential mechanisms that could be 
responsible for an offset in the TE/Ca ratios between the two techniques.

4.1.1. Exclusion of Earliest (Juvenile) Chambers and Septa Calcite With LA-ICP-MS

LA-ICP-MS targets specific chambers in a shell, typically the largest chambers in the final whorl, and also 
typically excludes the earliest (and smallest) “juvenile” chambers. For a species like T. sacculifer, these 
smallest chambers can account for 10%–15% of the calcite in a shell (Spero & Lea, 1993). The calcite internal 
to the shell, for instance the septa between chambers and interior chambers (Brummer et al., 1986, 1987), 
which could have different trace element compositions, are also excluded during LA-ICP-MS analyses. If 
the small chambers and internal calcite have lower TE/Ca ratios, this could partially explain the sometimes 
higher TE/Ca ratios of the LA-ICP-MS results compared to the whole shell solution analyses. However, the 
large chambers of the final whorl comprise most of the shell calcite and juvenile chambers and inner calcite 
walls are relatively thin (Johnstone et al., 2010). Thus, we assume that if juvenile and inner calcite portions 
of the shell do have different TE composition compared to the calcite that forms the final whorl, they do 
not contribute enough mass to the final shell weight to explain differences between laser and whole shell 
solution analyses. It is also possible that thin septal calcite and inner chambers are preferentially lost during 
the chemical cleaning process required for solution-based analyses. If correct, then both methods would 
yield data that is derived primarily from the chambers in the final whorl.

4.1.2. Loss of Early Ontogenic (Lamellar) Calcite During Cleaning for Solution Analysis

The multistep cleaning process for the solution-based IFA, which requires gently cracking the shells into frag-
ments followed by sonication rinses and an oxidative step (see Methods), decreases the sample mass (Fig-
ures 6b and 6d). The mass loss does not cause an appreciable offset in the Sr/Ca ratios (Figure 6d), but does 
yield a greater method offset for Mg/Ca ratios. Solution-based Mg/Ca is consistently lower than laser when 
mass loss exceeds ∼40%–50%, particularly for N. dutertrei, P. obliquiloculata, and O. universa (Figure 6b). A 
possible explanation could be the preferential removal of the shell wall that has higher Mg/Ca ratios during 
the physical (sonication) and chemical (oxidative) cleaning process required for solution-based analyses.

The early ontogenic calcite that forms the inner calcite in final whorl chambers in deeper dwelling fo-
raminifera, like N. dutertrei and P. obliquiloculata, has a microcrystalline texture compared to the outer 
calcite that forms during later ontogeny (i.e., see Figure 4 in Hathorne et al., 2009). When the shells are 
cracked for cleaning, it is possible that the microcrystalline inner calcite breaks into smaller fragments. The 
shells are also sonicated during rinse and oxidation steps, which can further fragment the microcrystalline 
inner calcite portions of the shell. These smaller fragments are more likely to be aspirated during cleaning 
or possibly even dissolve completely. Because the inner calcite is enriched in trace elements such as Mg, Ba, 
and Mn compared to the crust (Jonkers et al., 2012; Steinhardt et al., 2015), this process would preferentially 
leave the robust, and trace element poor, crust/cortex behind. Preferential removal of the microcrystalline 
calcite would not affect Sr/Ca or other TEs that are homogeneous throughout the shell wall.

O. universa also has a slightly lower Mg/Ca ratio when greater than ∼40%–50% of the shell is removed dur-
ing solution cleaning. The wide range of sample loss is likely dominated by fragmentation and aspiration, 
but dissolution could play a role. Although the oxidative step should be minimally corrosive to calcite, any 
dissolution that occurs during cleaning likely removes the exterior (exposed) calcite from the inner and out-
er shell wall (Sadekov, 2010; Vetter, 2013). Because Mg/Ca banding in this species is lowest near the primary 
organic sheet and increases as the shell thickens, removal of the outermost calcite from both the interior 
and exterior shell walls could therefore decrease the overall Mg/Ca ratios due to preferential removal of 
the outermost, and highest, Mg/Ca band (Spero et al., 2015). It is also possible that the inner calcite layer, 
which is very thin compared to the calcite that grows outward from the primary organic membrane, could 
fragment into smaller pieces during the cleaning process due to preferential fragmentation of this thin cal-
cite layer. Again, these processes would only affect Mg/Ca ratios because Sr/Ca ratios are nearly constant 
throughout the shell wall of this species.
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4.2. Implications for Paleoceanographic Reconstructions

Since Emiliani published the first paleoceanographic study on foraminifera isotope geochemistry (Emil-
iani, 1955), the research community has explored large-scale changes in mean ocean chemistry and paleo-
climate throughout the Cenozoic and beyond. Despite this rich literature, few studies have probed the ar-
chive of paleoenvironmental information contained within foraminifera populations. IFA make it possible 
to study this population geochemistry and explore the environmental and ecological information contained 
within fossil foraminifera assemblages. One of the most exciting advances is the expanding use of different 
geochemical instruments on the same foraminifera shells to obtain linked environmental information (e.g., 
TE and isotope data; Vetter et al., 2017). However, interpreting IFA data requires the a priori assumption 
that the sample mean from analyses of numerous fossil shells together, and population variability from 
averages of multiple IFA, is not impacted by the analytical methods used. The fidelity of the results ob-
tained and ability to cross-compare paleoceanographic reconstructions from IFA using different analytical 
techniques also relies on this assumption. Here, we explore the implications of using different analytical 
techniques to generate TE data for paleoceanographic reconstructions.

4.2.1. Species With Simple Morphology or Minimal Chamber-to-Chamber Variability

For O. universa and P. obliquiloculata, the Mg/Ca and Sr/Ca data derived from both laser- and solution-based 
analyses yields similar means and variances (Tables 2 and 3). Although the Sr/Ca data for P. obliquiloculata 
are not statistically (pairwise) similar, the population means and standard deviations are nearly identical 
and the two sets of data have similar variances, thus interpretations derived from either data set, if used in 
a paleoceanographic reconstruction, would be the same. We infer from these results that either analytical 
technique could be used for O. universa and species that are heavily calcified with a crust or cortex that 
dominates the shell calcite. Other species that likely make good candidates for using either technique would 
include, for example, heavily calcified specimens from the Neogloboquadrinid and Globorotalid genera. For 
such specimens, laser spot analyses would be dominated by the crust or cortex regardless of the location on 
the shell that the analyses were obtained. Because the solution analyses would also be composed of mostly 
crust/cortex calcite, the results obtained from either technique would likely be similar, as demonstrated 
by the P. obliquiloculata data presented here. Similarly, heavily calcified specimens from the seafloor that 
have undergone dissolution, and thus are missing the interior heterogeneous lamellar calcite surfaces (e.g., 
Johnstone et al., 2010), would likely yield similar TE/Ca data using either technique because the analyses 
would be dominated by the crust or cortex calcite. Studies have demonstrated that some heavily calcified 
species have minimal chamber-to-chamber variability, which means that they are good candidates for LA 
analyses where only the select chambers in the final whorl can be analyzed without introducing potential 
bias in the results (e.g., Reynolds et al., 2018).

4.2.2. Morphologically Complex Species and Those With High Chamber-To-Chamber Variability

Multichambered foraminifera have morphologically complex shells with a variable number of chambers 
in the final whorl. Many species also exhibit high chamber-to-chamber trace element variability (Bolton & Marr, 2013; Hathorne et al., 2009; Jonkers et al., 2012; Wit et al., 2010). The N. dutertrei data presented 
demonstrates high chamber-to-chamber variability, confirming the findings of Jonkers et al. (2012) who 
also demonstrated that the Mg/Ca ratio of N. dutertrei increases through ontogeny. For N. dutertrei, the F 
chamber typically has the highest Mg/Ca ratio, which decreases as the chambers become ontogenically 
older. We demonstrate that T. sacculifer also has high chamber-to-chamber variability, but this appears to be 
specific to geographic location. For example, Fritz-Endres et al. (2019) found minimal chamber-to-chamber 
variability in T. sacculifer specimens obtained from core-top samples in the Indian Ocean.

For species with demonstrated chamber-to-chamber variability, the method for obtaining trace element IFA 
data could impact paleoceanographic interpretations if whole shell ratios are the target of a study. The TE/
Ca ratios obtained from individual chambers or a subset of chambers may not yield a similar TE/Ca data 
when analyzed via different techniques. For example, the F chamber of the N. dutertrei specimens analyzed 
in this study have a mean Mg/Ca ratio of 3.5 mmol/mol. By comparison, the solution data yields a much 
lower Mg/Ca ratio of 2.36 mmol/mol. If this data were used to generate downcore paleotemperatures, one 
would obtain a calcification temperature 4.4°C cooler using the solution-based ratio (temperatures differ-
ence calculated by using Anand et al., 2003 multispecies calibration).
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Of additional importance is the difference in the population geochemical variability (e.g., the population var-
iance), which is often interpreted in terms of interannual variability, seasonality, or depth habitat differences 
among individuals in a population of specimens at the time of calcification (e.g., Ford et al., 2015; Rongstad 
et al., 2020) or as an assessment of postdepositional alteration (Rongstad et al., 2017). Here, we demonstrate 
that variance differs from chamber-to-chamber within the same morphologically complex species and, at least 
for the Mg/Ca data, is generally not similar when comparing laser versus solution data. Differences between 
the laser and solution variances are also dependent on the chamber analyzed. In general, the variance is high-
er for the laser-based Mg/Ca data, especially when only individual chambers are considered. For example, the 
F chamber Mg/Ca laser data for N. dutertrei has a variance of 0.75 mmol/mol compared to 0.40 mmol/mol 
for the solution data. The laser variance decreases to 0.60 mmol/mol when all of the chambers are combined 
for a specimen average. Potential issues would therefore arise when comparing two studies that used different 
analytical methods to assess population variance. The interpretation of Mg/Ca data from a single study would 
be impacted less by this issue, because all of the specimens would be analyzed using the same technique.

If one were to interpret the range of Mg/Ca-derived temperature data as an indicator of species seasonality 
or depth habitat range, the solution versus laser-based results could yield markedly different results. For N. 
dutertrei, the range in temperatures (SSTs) derived from either the F-chamber only or the weighted mean 
data yield an 8.3°C difference in calcification temperatures. The solution data, by comparison, yield a SST 
range of 5.6°C. As a thermocline dweller, either range could be reasonably interpreted to reflect the species 
depth habitat range. For T. sacculifer, the F-chamber derived SSTs span 7.5°C and the specimen weighted av-
erage SSTs span only 3.7°C. By comparison, the solution data yields a smaller SST range of 2.8°C. Given that 
T. sacculifer occupies a mixed-layer depth habitat, it is highly unlikely that the temperature range indicated 
by the F-chamber data are realistic for the western equatorial Pacific location of our samples unless some 
individuals in our analyses were calcifying in the thermocline or were bioturbated glacial specimens. Rather, 
it is more likely that the chamber-based laser data is capturing the variable biological signature related to Mg 
banding within chambers that overprints the primary environmental signal. Sadekov et al (2008) called this 
nontemperature variability at the IFA level “stochastic biological variability.” For the species G. ruber, they 
estimated the nontemperature related Mg/Ca variability to be equivalent to 1.6°C. Even in morphologically 
simple foraminifera species like O. universa, there is a considerable amount of nontemperature-related TE 
variability, likely linked to the number of days the spherical chamber calcified (Spero et al., 2015). Whereas 
the observed correlations between single chamber and whole shell Mg/Ca data clearly demonstrate that tem-
perature information is preserved at the chamber level, the results indicate that weighted laser IFA data from 
multiple chambers yields more consistent environmental information then laser data from single chamber 
IFA. Perhaps more important, these results demonstrate that Mg/Ca data from an individual chamber (e.g., 
F chamber) should not be used for paleotemperature reconstructions, nor should chamber-to-chamber Mg/
Ca data be used to reconstruct the vertical water column migration history of an individual foraminifera 
because of the significant stochastic biological variability overprint on each chamber.

As noted above, difficulties in interpreting and comparing paleoceanographic reconstructions that utilize 
IFA arise when comparing reconstructions from studies that utilize different analytical techniques. These 
findings highlight the need to establish community-wide protocols for IFA techniques that would mini-
mize such issues. For example, results presented here suggest for multichambered species with high cham-
ber-to-chamber TE variability, all chambers in the final whorl should be analyzed using LA-ICP-MS in order 
to minimize differences with data derived from solution-based IFA. This is particularly true if results are to 
be compared to solution-based analyses, for which sample loss should be assessed. Nevertheless, depending 
on the species being studied or the questions being asked, single chamber analyses by LA-ICP-MS (especial-
ly when used in conjunction with IRMS analyses) can still play an important role in probing fundamental 
paleoceanographic questions as long as the issues discussed in this study are considered.

5. Conclusion
Studies utilizing geochemical tools to study individual foraminifer shells from fossil populations is a rapidly 
expanding research area in paleoceanography. Interpretation of IFA data depends on the assumption that 
the data generated are not impacted by the analytical technique used in a study. Here we demonstrate that 
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laser-based TE/Ca ratios on foraminifera shells compare moderately well with data from solution-based 
techniques. This is especially true for foraminifera with simple morphologies such as O. universa or heavily 
calcified specimens with homogeneous TE geochemistry in the outer calcite crust such as P. obliquiloculata. 
Analyses of numerous chambers in the final whorl of multichambered species N. dutertrei and T. sacculifer 
yield comparable results to solution analyses when whole shell averages (weighted by chamber contribu-
tion to the mean) are calculated (Figure 6).

We highlight potential issues interpreting and comparing studies that use different analytical techniques 
and recommend that the paleoceanographic community establish accepted protocols for generating IFA 
that would permit cross-study comparisons between paleoceanographic reconstructions that utilize dif-
ferent analytical techniques: (1) we recommend when using LA-ICP-MS, all chambers in the final whorl 
should be analyzed and whole shell average TE/Ca ratios should be calculated using a weighted mean 
approach; (2) we recommend adopting careful cleaning procedures for solution analysis to minimize and 
monitor sample loss, in particular taking care to minimize loss of inner calcite; (3) we discourage the use 
of single chamber LA-ICP-MS-based analyses for temperature reconstructions, even if chamber specific 
temperature calibration equations are utilized, because of the significant and variable stochastic biological 
overprint on individual chambers in a shell.

Data Availability Statement
The raw laser ablation data associated with this manuscript (including Ca, Mg, Sr, and Al data) and the 
LA-Tools data processing commands are available at: DOI:10.5281/zenodo.4265147.
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