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Abstract

Rationale: The use of secondary ion mass spectrometry (SIMS) to perform

micrometer-scale in situ carbon isotope (δ13C) analyses of shells of marine

microfossils called planktic foraminifers holds promise to explore calcification and

ecological processes. The potential of this technique, however, cannot be realized

without comparison to traditional whole-shell δ13C values measured by gas source

mass spectrometry (GSMS).

Methods: Paired SIMS and GSMS δ13C values measured from final chamber

fragments of the same shell of the planktic foraminifer Orbulina universa are

compared. The SIMS–GSMS δ13C differences (Δ13CSIMS-GSMS) were determined via

paired analysis of hydrogen peroxide-cleaned fragments of modern cultured

specimens and of fossil specimens from deep-sea sediments that were either

untreated, sonicated, and cleaned with hydrogen peroxide or vacuum roasted. After

treatment, fragments were analyzed by a CAMECA IMS 1280 SIMS instrument and

either a ThermoScientific MAT-253 or a Fisons Optima isotope ratio mass

spectrometer (GSMS).

Results: Paired analyses of cleaned fragments of cultured specimens (n = 7) yield no

SIMS–GSMS δ13C difference. However, paired analyses of untreated (n = 18) and

cleaned (n = 12) fragments of fossil shells yield average Δ13CSIMS-GSMS values of

0.8‰ and 0.6‰ (±0.2‰, 2 SE), respectively, while vacuum roasting of fossil shell

fragments (n = 11) removes the SIMS–GSMS δ13C difference.

Conclusions: The noted Δ13CSIMS-GSMS values are most likely due to matrix effects

causing sample–standard mismatch for SIMS analyses but may also be a combination

of other factors such as SIMS measurement of chemically bound water. The volume

of material analyzed via SIMS is �105 times smaller than that analyzed by GSMS;

hence, the extent to which these Δ13CSIMS-GSMS values represent differences in

analyte or instrument factors remains unclear.
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1 | INTRODUCTION

Carbon isotope ratios (expressed as δ13C) measured from the biogenic

calcite (CaCO3) of microscopic shells grown by foraminifera, a group

of marine protists that have an extensive fossil record, are a

commonly used geochemical proxy for reconstructing past ocean

carbon chemistry. Foraminifer δ13C values are used to constrain past

patterns and rates of ocean overturning,1,2 water column

hydrography,3 paleo-productivity,4,5 and past perturbations to the

global carbon cycle.6,7 However, such reconstructions of ocean–

climate history require the use of foraminifer shells that have retained

their original δ13C composition over time. Well-preserved material in

the deep-sea sedimentary archive is often mixed together with fossil

foraminifer shells that have been altered through carbonate

dissolution, chemical exchange with sedimentary pore fluids, and/or

the addition of diagenetic cements.8–10 Furthermore, intrashell δ13C

variability could occur due to the complex life histories and ecologies

of some planktic foraminifer species. For instance, shell formation in a

water column with a steep thermal gradient or variably sourced food

supply could lead to intrashell δ13C variability during calcification.11,12

Furthermore, many planktic foraminifer species host algal symbionts

whose photosynthetic activity increases both the whole-shell δ13C

value and intrashell δ13C variability due to day-to-night changes in

calcification.11,13,14 Many “mixed layer” species inhabiting the warm,

sunlit waters of the photic zone also sink to deeper waters during

their terminal ontogenetic stage of reproduction (gametogenesis)

where a crust of calcite is rapidly added to the outer surface of their

shell.15–17 Information about this intrashell δ13C heterogeneity is lost

when using conventional gas source mass spectrometry (GSMS)

because such analyses require acid digestion and isotope ratio

measurements of whole shells that would be aggregate mixtures of

CaCO3 that precipitated under differing environmental and

physiological conditions.18

The SIMS laboratory in the Department of Geoscience at the

University of Wisconsin-Madison (WiscSIMS) has developed

analytical techniques and procedures to address the loss of

geochemical heterogeneity information by conventional GSMS δ13C

analyses. To this end, secondary ion mass spectrometry (SIMS) is now

being used to acquire in situ δ13C measurements on micrometer-scale

domains within biogenic carbonate minerals, including individual

foraminifer shells.19–22 The ultrahigh spatial resolution (1–7 μm) of

SIMS δ13C analysis permits isolated measurement in a desired domain

of an individual shell. This in situ technique has been used to quantify

the effects of diagenesis on the δ13C of fossil planktic foraminifer

shells19,23 and to delineate intrashell δ13C variation that reflects

experimentally induced geochemical bands in cultured planktic

foraminifers.21

The study described herein is the first to compare SIMS and

GSMS δ13C values from the same foraminifer chamber to assess

possible SIMS–GSMS differences and better understand the

paleoenvironmental signals measured by the two techniques. This

interinstrument δ13C comparison was conducted using the extant,

mixed-layer dwelling planktic foraminifer Orbulina universa. This

particular species was selected for three reasons: (1) field and

culturing studies have established the ecological affinities of this

symbiont-bearing, mixed-layer foraminifer24,25; (2) shell δ13C in

O. universa calcite has been empirically calibrated against the carbon

isotope composition of dissolved inorganic carbon (δ13CDIC)
11,13,26,27;

and (3) this species grows a large spherical chamber at the end of its

lifecycle that incorporates <10 days of chamber calcification.28,29 The

latter attribute is particularly advantageous because the final spherical

chamber is massive (25–100 μg/shell), displays consistent

geochemistry around its circumference,30 and can be broken into

fragments for analysis without contamination from the juvenile

chambers found in the earlier trochospiral part of the same shell.

Thus, we can quantify the SIMS–GSMS δ13C difference

(Δ13CSIMS-GSMS) through analysis of identical foraminifer material

using these two measurement techniques.

2 | METHODS

2.1 | Cultured shells grown under controlled
conditions

Paired SIMS–GSMS δ13C analyses were performed on seven

O. universa shells grown in the laboratory. These shells were

cultured in 1995 as part of a larger experiment described by Bemis

et al (Table A1).31 Specimens were maintained at constant

temperature (22 ± 0.2�C), δ13CDIC = 1.3‰, salinity = 33.3‰,

pH = 8.04, and with an ambient [CO3
2�] (2250 μmol kg�1). Four of

the specimens were grown under a 12 h light:12 h dark cycle, one

of which was under low light intensity (26–

30 μmol photons m�2 s�1) and the other three were under high

light intensity (400–700 μmol photons m�2 s�1). An additional three

specimens were grown under continuous 24 h low light intensity.

The final chambers of these cultured O. universa specimens calcified

over a period of 3–9 days. Each shell was manually broken into

fragments with a surgical scalpel blade.21 Whenever present,

juvenile chambers were removed and one or two of the final

chamber fragments were used for in situ δ13C analyses by SIMS and

the remaining fragments of the same final chamber were pooled for

δ13C analysis by GSMS (Figure 1). Sample weights of pooled

chamber fragments used for the GSMS analyses ranged from 10 to

90 μg. This “paired” approach permits direct comparison of SIMS

and GSMS δ13C values obtained from the same spherical, final

chamber of each O. universa shell.

2.2 | Core-top specimens

Fossil shells of O. universa were handpicked from the uppermost 3 cm

of piston core CH15-PC9-00 (PC9) collected atop Blake Ridge

(2790 m water depth; 31�55.6910N, 75�43.7740W) in the

northwestern Atlantic (Figure A1). Radiocarbon dating of the Site PC9

core-top sample has confirmed its Holocene age.32 The sample was
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disaggregated in a mild pH-buffered solution made of sodium

hexametaphosphate, hydrogen peroxide (30% v/v), and distilled

water, then rinsed with tap water over a 63 μm sieve. The resulting

coarse fraction (>63 μm) was subsequently rinsed with distilled water

before being oven-dried (30�C) overnight. The O. universa shells were

handpicked from the >355 μm sieve-size fraction. The surface texture

of each O. universa shell was examined using back-scattered electron

(BSE) imaging with a Hitachi S-3400N scanning electron microscope

(SEM) in variable pressure mode (Dataset S1). The final chamber of

each specimen was manually broken into fragments, further treated

based on their experimental group (see next paragraph), and then

analyzed by GSMS and SIMS.

Three experiments were carried out on the O. universa shells

extracted from the PC9 sample to compare complementary SIMS and

GSMS δ13C values. Shell fragments analyzed by SIMS and GSMS in

each experiment were pretreated in the same manner prior to final

analytical preparation. In the first experiment on untreated shells,

final chambers were not cleaned or treated beyond picking the shells

from the sample, cracking them open, and analyzing the calcite

fragments. In the second experiment, the chamber fragments (not

powdered) were cleaned with hydrogen peroxide to remove organic

matter and sonicated in methanol to remove material adhering to the

surface of the fragments.21 The third experiment entailed splitting the

final chamber of each shell into three fragments; one fragment was

analyzed by GSMS without treatment, while the second and third

fragments were roasted in vacuo at 375�C for 30 min to remove labile

organic carbon and water. One of the vacuum-roasted fragments was

analyzed by GSMS and the other vacuum-roasted fragment was

analyzed by SIMS.

2.3 | In situ δ13C measurement by SIMS

The O. universa chamber fragments and three grains of the UWC-3

calcite standard (δ13C = �0.9‰ scaled to Vienna Pee Dee Belemnite,

VPDB)33 were placed within a 10 mm diameter circular area, cast in a

25 mm diameter epoxy mount, ground to the level of best exposure in

cross-section, polished with a carbonate-epoxy relief of less than

�1 μm,34 and gold coated. Secondary electron (SE) SEM

images (Dataset S2) were taken of each mounted shell fragment in

high-vacuum mode to assess the quality of sample exposure and

cross-section geometry prior to SIMS analysis.

In situ δ13C analyses were performed with a CAMECA IMS 1280

ion microprobe (SIMS) at the WiscSIMS laboratory using a 133Cs+

primary ion beam with an intensity of 300 pA. Each series of 8–12

measurements of foraminifer calcite δ13C was bracketed by 4–6

consecutive δ13C analyses (before and after) of a UWC-3 standard

grain that was cast in the center of the sample mount. The bracketing

analyses of UWC-3 were used to determine calcite instrumental mass

fractionation (IMF) corrections for each set of foraminifer

measurements. After analysis, each SIMS pit was individually imaged

(Dataset S3) and examined by SEM using the SE detector in high-

vacuum mode (see Figure A2). SIMS pits intersecting cracks and/or

epoxy were omitted. Raw and final processed data are reported in

standard per mil (‰) notation versus the VPDB standard (Tables S1

and S2).

The 7 μm SIMS pits were measured with a primary beam

intensity of 300 pA using instrument settings and an analytical

approach comparable to that of Vetter et al.21 The resulting

secondary 12C�, 13C�, and 13CH� ions were simultaneously detected

F IGURE 1 SEM images depicting chamber
fragmentation method used in this study. All scale
bars are 20 μm. (A) BSE SEM image of intact
Orbulina universa shell taken from the core-top of
PC9. (B) BSE SEM image of final chamber
fragment (Shell E25) used for GSMS analysis.
(C) SE SEM image of remaining fragment (shell
CAL1-13) cast in epoxy and cross-sectioned for
SIMS analysis. (D) Magnified SE SEM image of

area noted in (C) showing SIMS δ13C pits across
the shell wall.
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using a Faraday cup (12C�) and two electron multipliers (13C�,13CH�)

with a typical 12C� count rate of 5.0 � 106 counts per second (cps).

Simultaneous measurement of 13CH� with 12C� and 13C� during

SIMS analysis provides 13CH�/13C� ratios (CH/C hereafter), which

are used to gauge the hydrogen content in the sample, likely in the

form of organic matter, water, or hydrated CH-bearing phases.

The analytical compartment within the SIMS, outgassing of the epoxy

mount, and the sample surface contribute to a small background

signal even at high vacuum, so the reported CH/C ratios were

background-corrected by subtracting the average CH/C of the

UWC-3 bracketing data from the CH/C ratio of the foraminifer.

UWC-3 is a high-temperature metamorphic calcite and assumed to be

anhydrous. In addition to pit appearance, the CH/C ratio and 12C�

count rate served as a basis for assessing the quality of each

intervening sample measurement (see Appendix A). The electron

multiplier gain was monitored before the third analysis of each group

of UWC-3 standard analyses and, when necessary, the high voltage

applied to the detector was increased by 2–7 V to compensate for

drift in the electron multiplier gain. The total analytical time per

analysis was 4 min comprising pre-sputtering (20 s), automatic

centering of secondary ions in the field aperture (�60 s), and

20 analytical cycles (8 s each). The reproducibility of δ13C values of

individual analyses on the UWC-3 calcite standard grain bracketing

the samples ranged from 0.4‰ to 1.3‰ (2 SD) (average = 0.8‰) and

is assigned as the uncertainty range of individual sample

measurements. A total of 326 SIMS measurements were performed

on O. universa chambers (Table S1) in addition to 165 bracketing

measurements of the UWC-3 standard.

2.4 | δ13C measurement by GSMS

The δ13C compositions of chamber fragments from cultured

O. universa shells, as well as vacuum-roasted chamber fragments of

O. universa shells from the PC9 core-top, were measured at the

University of California, Davis (UCD) using a Fisons Optima dual-inlet

isotope ratio mass spectrometer fitted with a common acid bath auto-

carbonate device. The chamber fragments were digested in

concentrated orthophosphoric acid (specific gravity = 1.92 g/cm3) at

90�C and corrected for acid-digestion fractionation by paired

measurement with a Carrara marble standard (δ13C = 2.1‰, VPDB)

that was previously calibrated against NBS-19. External analytical

precision for δ13C measurements on samples of O. universa final

chamber fragments is ±0.08‰ (2 SD).

Untreated and cleaned chamber fragments of O. universa shells

from the PC9 core-top sample were analyzed at the University of

California, Santa Cruz (UCSC) using a ThermoScientific Kiel IV

carbonate device interfaced to a ThermoScientific MAT-253 dual-

inlet isotope ratio mass spectrometer. The chamber fragments were

digested in concentrated orthophosphoric acid (specific

gravity = 1.92 g/cm3) at 75�C. External analytical precision for δ13C

measurements on samples of O. universa final chamber fragments is

±0.06‰ (2 SD). Sample weights (10–90 μg) were comparable

between the GSMS analyses run in the UCSC and UCD

laboratories.

For comparative purposes, three samples of the UWC-3 standard

were analyzed by GSMS at both UCSC and UCD. For the analyses at

UCSC, each sample weighed 70–90 μg and was composed of 2–5

calcite grains. At UCD, each sample was composed of a single grain

that weighed 33–40 μg. The GSMS δ13C values of the UWC-3

standard measured at UCSC and UCD were subsequently compared

to those previously measured by GSMS at the University of

Wisconsin-Madison.33

2.5 | Determination of Δ13CSIMS-GSMS

The Δ13CSIMS-GSMS values for each experiment were determined via a

paired t-test on SIMS and GSMS δ13C values. To account for the

variable precision (0.4–1.3‰, average = 0.8‰, 2 SD) of some SIMS

measurements, the SIMS δ13C values were first bootstrapped 1000

times in R35 using the measured δ13C value and the associated

precision (2 SD). This methodology output 1000 paired datasets of

bootstrapped SIMS δ13C values and measured GSMS δ13C values for

each shell. A t-test was completed on each set of paired δ13C values,

yielding 1000 t-test estimates and 1000 p-values, which indicate the

difference in δ13C values and statistical significance of this difference,

respectively. The Δ13CSIMS-GSMS value for each experiment is the

average t-test estimate after bootstrapping. Similar Δ13CSIMS-GSMS

values result from comparison of the average SIMS δ13C value with

the average GSMS δ13C value for each experiment. The benefit of the

bootstrapping approach, however, is that it provides a more rigorous

assessment of the error and statistical significance of the Δ13CSIMS-

GSMS values by accounting for the variable error on SIMS δ13C

measurements.

3 | RESULTS

3.1 | Comparison of paired SIMS–GSMS δ13C
analyses

The δ13C measurement of foraminifer calcite by SIMS is standardized

to the GSMS-derived δ13C value of the UWC-3 calcite standard,

assuming that the IMFs are equivalent. For this reason, we first

analyzed the UWC-3 standard by GSMS in the same laboratories that

measured the δ13C compositions of O. universa chamber fragments.

GSMS δ13C values of UWC-3 analyzed by UCSC (�0.9 ± 0.1‰, 2 SE)

and UCD (�1.0 ± 0.2‰) are within analytical precision of the

published value (�0.9 ± 0.1‰)33 used for instrumental correction of

the raw SIMS data (Table 1). We note that the samples of UWC-3

used for GSMS measurements at UCSC and UCD were of a

comparable size to fragmented foraminifer chambers (30–40 μg) and

reproduced the established UWC-3 δ13C value to within 0.1‰.

The differing spatial resolutions (7 versus 10–50 μm), weights

(10�5 versus �30 μg), and volumes (30 versus �107 μm3) of material

4 of 13 WYCECH ET AL.
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analyzed by SIMS and GSMS techniques necessitated numerous in

situ analyses for a robust comparison to the paired GSMS δ13C

measurement. On average, four in situ measurements were taken

across the wall of the final chambers (Figure 1D). Although no δ13C

trends were apparent across the shell walls, the intrashell

δ13C variability varied markedly between the final chambers of

different specimens (�0–3.5‰) and SIMS measurements had larger

errors (±0.8‰ on average, 2 SD) in comparison to GSMS (<0.1‰,

2 SD). For these reasons, each SIMS δ13C value was compared to the

paired GSMS δ13C value to ensure any interinstrument differences

were not obfuscated by the averaging and propagating of errors for

“per-shell” SIMS measurements.

The Δ13CSIMS-GSMS values for each experiment were determined

by bootstrapping the SIMS δ13C values and applying a paired t-test to

the SIMS–GSMS datasets (see Section 2.5 for method details).

Accordingly, paired SIMS and GSMS analyses performed on the

cultured O. universa chambers (n = 7 shells) yield no discernible

interinstrument δ13C difference (p > 0.05; Figure 2A, Table 2). By

contrast, the untreated (n = 18 shells) and cleaned (n = 12 shells)

chamber fragments of fossil shells preserved in the PC9 core-top

sample have Δ13CSIMS-GSMS values of 0.8‰ and 0.6‰, respectively

(Table 2, Figures 2B and 2C). Interestingly, a third experimental design

indicates that vacuum roasting of chamber fragments removes the

SIMS–GSMS δ13C offset registered by the core-top shells as

the vacuum-roasted chambers have SIMS and GSMS δ13C values that

are statistically indistinguishable from one another (Δ13CSIMS-

GSMS = 0.2 ± 0.2‰, p > 0.05; Figure 2D, Table 2). Another

noteworthy finding is that SIMS and GSMS δ13C values are positively

correlated, with a slope of unity, over the �2.5‰ range of δ13C

values obtained from different O. universa final chambers in all

experiments (Figure 2) and track one another as constrained by the

95% confidence interval of the slope (m ≈ 1) (Table A2).

Due to the relatively small sample size (<20 shells), it is difficult to

determine if hydrogen peroxide cleaning and sonication had an

appreciable effect on the δ13C values measured by either analytical

technique, but results indicate that cleaning has no measurable effect

on SIMS CH/C ratios relative to uncleaned samples (Figure 3). To

assess the effects of vacuum roasting, we compared the paired GSMS

δ13C values measured from vacuum-roasted and unroasted fragments

of the same chamber (Figure 4). This direct comparison removes

uncertainties related to intershell variability and indicates that vacuum

roasting has no effect on GSMS δ13C values (paired t-test p = 0.4; see

Figure 4, Table A3). Thus, in comparison to the other experiments on

core top shells, vacuum roasting must decrease SIMS δ13C values to

explain the improved agreement between SIMS and GSMS δ13C

values (Figure 2D, Table 2). The effect of vacuum roasting on SIMS

measurements is further evidenced by the CH/C ratios of vacuum-

roasted chambers, which are 20% lower than those of untreated,

cleaned, and cultured chambers (Figure 3).

4 | DISCUSSION

The objective of this study was to quantify the δ13C difference

between SIMS and GSMS measurement techniques and determine

the effect of sample treatment on said difference via paired analysis

TABLE 1 GSMS δ13C values for UWC-3 calcite. GSMS measurements performed at the University of Wisconsin-Madison established the
δ13C value (�0.9 ± 0.1‰, 2 SD) for UWC-3 calcite.33

Laboratory
Number of grains
per analysis

Number of
analyses

Sample
weight (μg)

δ13C (‰)

Average 2 SD 2 SE

University of Wisconsin-Madison 1–10 9 4000–8000 �0.9 0.1 <0.1

University of California Santa Cruz 2–5 3 73–91 �0.9 0.1 0.1

University of California Davis 1 3 31–40 �1.0 0.3 0.2

F IGURE 2 Comparison of paired SIMS and GSMS δ13C values from the same final chamber of Orbulina universa shells. Theoretical 1-to-1
lines (solid bold lines) denote no difference between paired SIMS and GSMS δ13C values for same final chamber. Linear regression with slope = 1
(dashed lines) fit to data. (A) Cleaned shells from culture experiment, (B) untreated core-top shells, (C) cleaned core-top shells, (D) vacuum-roasted

core-top shells. All SIMS data shown are δ13C values for individual pits. Error bars are analytical precision (±2 SD) for GSMS (horizontal) and SIMS
(vertical). VPDB, Vienna Pee Dee Belemnite.
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F IGURE 3 Average Δ13CSIMS-GSMS values plotted against
background-corrected CH/C ratios measured for Orbulina universa
chambers that were untreated (circle), cleaned with hydrogen
peroxide and sonication (diamond), and vacuum roasted (square) from
the Site PC9 core top (CT), as well as for cultured O. universa
chambers cleaned with hydrogen peroxide (triangle). Error bars are
two times the standard error of the CH/C ratio mean (horizontal) and
two times the standard deviation of the Δ13CSIMS-GSMS mean
(vertical).

F IGURE 4 Comparison of GSMS δ13C values measured from
unroasted and vacuum-roasted fragments of the same Orbulina
universa shell. Robust regression shown using iteratively reweighted

least squares (dashed line) with corresponding slope (m) and y-
intercept (b). Gray shading indicates 95% confidence interval on the
slope (0.9 to 1.2) and y-intercept (�0.5 to 0.3). R2 was calculated from
unweighted least squares regression. Solid line indicates theoretical
1-to-1 line denoting no difference between GSMS δ13C values of
unroasted and vacuum-roasted fragments. Error bars express external
instrumental precision (±2 SD). VPDB, Vienna Pee Dee Belemnite.
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of identical foraminifer material. SIMS δ13C values closely track GSMS

δ13C values across the full population range of δ13C values observed

in the different experiments with a slope of unity (Figure 2), indicating

that both analytical techniques record the same range of values for

the selected O. universa shells. Moreover, SIMS δ13C values are

statistically indistinguishable from δ13C values measured by GSMS on

the calcite of the same O. universa spherical shells grown in laboratory

culture (Figure 2A). These lines of evidence suggest that in situ SIMS

measurements can be used to determine the δ13C compositions of

minute subdomains within individual fossil foraminifer shells or to

generate δ13C records based on diminutive foraminifer shells that are

too small to be analyzed by GSMS methodologies. Yet, δ13C values

measured by SIMS on untreated or cleaned fossil shells are

respectively �0.8‰ and �0.6‰ more positive than δ13C values

returned by GSMS of calcite from the same final chambers of fossil

O. universa shells preserved in deep-sea sediments (Figures 2B and

2C). Below, we evaluate possible explanations for the SIMS–GSMS

δ13C differences recorded by the fossil shells analyzed in this study

that can be eliminated by sample roasting in vacuo.

4.1 | SIMS–GSMS δ13C difference

The interinstrument differences reported in this study may arise from

both GSMS analyses entailing acid digestion of bulk carbonate and in

situ SIMS analyses that subsample micrometer-scaled domains within

an individual shell. Both techniques have the potential to capture

differing δ13C signals due to the disparate analytical setups and

sample sizes. Further, we note that SIMS analyses entail the isolated

measurement of micrometer-scale targets, which permits the operator

to avoid irregular or altered domains. Conversely, numerous SIMS

measurements may be required for robust comparison to the paired

GSMS δ13C value. Thus, SIMS δ13C values may not fully capture the

bulk δ13C composition of larger samples measured by GSMS.

4.2 | δ13C signals captured by GSMS

GSMS is the established, traditional technique used for δ13C

measurement of foraminifer calcite. The two GSMS laboratories that

analyzed O. universa chambers reproduced the δ13C value of the

UWC-3 standard to within 0.1‰ of the published value obtained at

University of Wisconsin33 even though the measurements were

performed using different acid-digestion temperatures and

instrumental setups (Kiel device at 75�C versus common acid bath at

90�C). Furthermore, foraminifer sample roasting in vacuo does not

affect δ13C values measured by the acid-digestion technique given

that paired untreated and vacuum-roasted O. universa fragments have

statistically indistinguishable GSMS δ13C values (Figure 4, Table A3).

Overall, the results of the UWC-3 analyses and vacuum roasting

experiment suggest that a negligible proportion of the measured

0.8‰ SIMS–GSMS δ13C difference registered by untreated fossil

shells from the core-top sample can be attributed to GSMS analyses.

4.3 | Potential sources of Δ13CSIMS-GSMS: Matrix
effects

Stable isotope analysis by SIMS is a comparative technique that

requires a reference material that matches the matrix of the sample

in mineralogy, chemical composition, and microcrystalline

texture.34,36–39 The biogenic processes by which foraminifers

precipitate their shells40,41 are fundamentally different from the

recrystallization that occurs in a granulite facies marble that formed

the UWC-3 standard. This is noteworthy because these abiotic/biotic

processes give rise to carbonates with different microstructures, and

the data corrections to SIMS analyses performed in this study were

standardized with the assumption that the IMF of the UWC-3

analyses matches that of the samples. This procedure is not ideal, but

it is currently the best method to standardize SIMS measurements as

there currently are no biogenic carbonates that are homogeneous for

δ13C on the scale required for in situ measurements (<10 μm).

The intrashell δ13C variability for the core-top shells ranges from

0 to 3.9‰ (Table 2), which is notably larger than the 1‰ range

expected, based on the δ13CDIC in the upper water column above Site

PC9.42 In addition, the intrashell δ13C variability of the cultured shells

that were grown under constant δ13CDIC ranges from 0.4 to 1.5‰

(Table 2). Some of this δ13C variability in cultured shells can be

attributed to SIMS analysis of day–night banding of calcite, which

might differ by up to �2‰ based on culturing experiments of another

planktic foraminifer species, Trilobatus sacculifer.14 However, the

three O. universa shells cultured under 24 h low light levels still had

intrashell δ13C variabilities of 0.6‰, 0.8‰, and 1.3‰ (Table S1). The

large intrashell δ13C variability in both cultured and core-top shells

indicates the presence of a matrix effect on SIMS measurements.

Foraminifer δ13C values measured with SIMS may be affected by

carbon-bearing contaminant phases such as organics that have

isotope ratios, IMF, and/or ionization potentials that differ from those

of calcite. Furthermore, minor element composition is known to affect

the IMF of SIMS analyses.43–45 While the effects of most minor

elements (<0.5 wt%) on IMF are within analytical precision, the cation

composition of calcite needs to be examined in more detail. This is

especially true for minor element concentrations in the UWC-3

standard,33 which are higher than in modern planktic foraminifers46

and may cause IMF differences between the standard and sample.

The microcrystalline structure of foraminifer calcite may also

affect IMF, thereby causing differences between SIMS δ13C analyses

of biogenic carbonate samples and a standard that crystallized at

high temperatures. BSE SEM images of the O. universa shells in

cross-section (Figure 5) reveal notable differences in foraminifer wall

textures depending on the shell treatment. Specifically, the untreated

and cleaned core-top shells have a uniform texture except for several

bright bands running perpendicular to the growth direction

(Figures 5A and 5B). By contrast, the cultured shells and the vacuum-

roasted core-top shells have mottled shell wall textures

(Figures 5C–5F). The similar textures among the shells that have a

negligible SIMS–GSMS δ13C difference (i.e. the cultured shells and

the vacuum-roasted core-top shells) suggest that the matrices of
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these shells have been chemically or physically altered making them

microstructurally more comparable to the UWC-3 standard. Although

the vacuum-roasted and cultured shells differ from the UWC-3

marble in organic content and minor element composition, the

differences observed in the SEM images imply that microstructure

likely plays a considerable role in SIMS δ13C measurement of planktic

foraminifers.

4.4 | Potential sources of Δ13CSIMS-GSMS: SIMS
measurement of matrix-bound organics or water

Organic compounds and water are not thought to contribute to the

CO2 analyzed by GSMS during phosphoric acid digestion, whereas

SIMS δ13C analysis involves the measurement of all organic and

inorganic phases in the excavated SIMS pit. Thus, SIMS measurement

of biogenic carbonates may be affected if organics or water are bound

within the calcite matrix29,47 or if the organics occur as nanophases

along grain boundaries.48 The vacuum-roasting experiment was

performed to remove volatile organic compounds and intracrystalline

water, while leaving refractory compounds within the matrix. The

O. universa fragments looked gray in color after vacuum roasting,

evidence of organic carbon maturation. This observation implies

reaction, but ineffective removal of refractory organic contaminants.

The CH/C ratios of vacuum-roasted chambers are �20% lower than

those of cultured, untreated, and cleaned chambers (Figure 3) at a

statistically significant level (p � 0.05), indicating that a hydrogen-

bearing phase such as organics and/or water was removed by vacuum

roasting. Results from the SIMS–GSMS roasting experiment indicate

that SIMS δ13C values are more affected by vacuum roasting

(Figures 2D and 4), but it is difficult to determine if this is due to

reaction/removal of phases such as organics or water or if it is due

to a change in IMF. The fact that unroasted (hydrated), organic-rich

cultured shells have no measurable SIMS–GSMS δ13C difference

provides demonstrable evidence that SIMS-only measurement of

organics or water cannot explain the positive Δ13CSIMS-GSMS values

measured for unroasted core-top shells.

4.5 | Potential sources of Δ13CSIMS-GSMS:
Measurement of secondary calcite phases

Secondary calcite phases that could bias GSMS analyses of O. universa

chambers from deep-sea sediment core PC9 are low-δ13C

gametogenic (GAM) and diagenetic calcite, which would be included

in acid dissolution/GSMS analyses but avoided by carefully targeted

F IGURE 5 Highly magnified SE SEM
images of Orbulina universa shells in cross-
section. All images were obtained using
the same SEM conditions. All scale bars
are 10 μm. Arrows note direction of shell
growth. (A) Untreated core-top shells and
(B) cleaned core-top shells with bright
banding perpendicular to the growth
direction and otherwise uniform internal

shell texture. (C, D) Vacuum-roasted core-
top shells with mottled internal shell
textures. (E, F) Cultured cleaned shells
with mottled internal shell textures.

8 of 13 WYCECH ET AL.

 10970231, 2024, 2, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/rcm

.9658 by U
niversity O

f W
isconsin - M

adison, W
iley O

nline Library on [17/06/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



SIMS pits. Approximately 4 μg of GAM calcite is added to the outer

surface of O. universa shells during the final 24 h of calcification near

the deep chlorophyll maximum as the species transitions from its

normal life through meiosis and gamete production.15,27 In addition,

diagenesis can add submicrometer- to micrometer-scale carbonate

phases onto foraminifer shells.8,9,19,49–52 The proximity of the thin

GAM crust (�2 μm) and minute (<3 μm) early diagenetic crystallites to

the mounting medium (epoxy) precludes measurement of their δ13C

by SIMS. The secondary calcite phases cannot be removed or

separated prior to GSMS analysis and would contribute to the SIMS–

GSMS δ13C difference.

Although there is no SIMS–GSMS δ13C difference measured for

cultured shells that have the same GAM and pre-GAM calcite δ13C

values,27 the addition of GAM crust is not a feasible explanation for

the measured Δ13CSIMS-GSMS values (Table 2) because the GAM crust

appears to compose a minute (<10%) portion of the shell wall

(Dataset S2) and the required δ13C value of the GAM calcite on

untreated and cleaned shells (Table 2) is not realistic given there is

less than a 1‰ range in the δ13C of the DIC in the upper water

column above Site PC9.42

A salient result of this study is the similar SIMS and GSMS δ13C

values measured for the cultured chambers that have never been

exposed to seafloor conditions. The shells recovered from the Site

PC9 core-top presumably have similar burial histories and are

therefore composed of comparable amounts of diagenetic calcite.

Although the untreated and cleaned core-top shells have measurable

Δ13CSIMS-GSMS values, there is no SIMS–GSMS δ13C difference for the

vacuum-roasted core-top shells. Therefore, the analysis of diagenetic

calcite by only GSMS cannot explain patterns observed in the entire

Δ13CSIMS-GSMS dataset.

5 | CONCLUSIONS

Prior to this study, the δ13C values of planktic foraminifers have been

measured by SIMS to understand the magnitude of carbon release in

past climate events, diagenetic effects on marine climate records,19,23

and carbon uptake during biocalcification.21 However, the signals

measured by SIMS can be different from those captured by

conventional GSMS analysis. Paired δ13C measurements were

performed on the final chamber of the same O. universa shell using in

situ SIMS and acid-digestion GSMS analyses, permitting the direct

comparison of the two analytical techniques. Analyses of individual

foraminifer chambers were carried out on specimens grown in

laboratory culture and fossil (Holocene) shells collected from the

upper 3 cm of a deep-sea sediment core (PC9). Comparison of

the resulting data shows no difference between SIMS and GSMS δ13C

values of cultured O. universa shells cleaned with hydrogen peroxide.

Yet, an average Δ13CSIMS-GSMS value of 0.8‰ and 0.6‰ is evident

among the untreated and cleaned (hydrogen peroxide, sonicated)

shells from the PC9 core-top, respectively. This interinstrument

difference is removed by vacuum roasting of additional shells also

selected from the PC9 core-top sample. Strong positive covariance

between the SIMS and GSMS values in all experiments of this study

indicates that intershell δ13C differences and secular trends expressed

in foraminifer δ13C records generated via conventional GSMS

analyses are reproduced by SIMS analyses of age-equivalent

foraminifers.

The interinstrument δ13C differences measured in this study

likely stem, in large part, from an imperfect match of the SIMS calcite

standard to samples but may be a combination of this and other

factors such as SIMS measurement of chemically bound water and

GSMS measurement of a thin GAM or diagenetic crust. No SIMS

standard presently exists that perfectly matches the samples of this

study in terms of minor element concentration, amount and phase of

the organic/hydrous component, and crystalline microstructure.

Determining the roles of these various mechanisms in causing the

interinstrument differences herein reported is beyond the scope of

the present study. Furthermore, we caution that the Δ13CSIMS-GSMS

values reported in this study may not be the same for δ13C analyses

performed in different SIMS sessions or on foraminifer taxa with

substantially different compositions, shell microstructures, porosities,

and/or burial histories. This is especially true for foraminifer shells

recovered from older, more deeply buried sediments that have

experienced a greater degree of geochemical alteration and

recrystallization as diagenetic processes tend to degrade organic

compounds53 and increase the δ13C value of the whole shell.9,49,50

Results of this study further highlight the unique signals captured by

SIMS and GSMS, which should be considered for the experimental

design of future studies.
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APPENDIX A

SIMS δ13C data processing

The quality of each SIMS δ13C analysis was evaluated on the basis of

pit appearance by SEM (Figure A2) and secondary ion (12C�) count

rate. The pit appearance and paired δ13C value were each assigned a

score from 1 to 3 (good = 1, questionable = 2, irregular = 3) using

a method that was blind to the other metric, that is, pit appearance

was scored without knowing the corresponding δ13C value and vice

versa. Pits were given a score of 2 if they had morphology that

notably differed from the standard (Figure A2C) and a score of 3 if

they had crosscut cracks or highly irregular internal structure

(Figure A2D). The latter suggests that the pit intersected porous

domains (epoxy), inclusions, or voids.

Epoxy is enriched in 12C�, so sputtering through porous domains

by SIMS can elevate the 12C� count rate of an analysis. The data

quality of each foraminifer analysis was assessed by comparing the
12C� count rates between the analysis and the average 12C� count

rate of the bracketing standards (i.e. count ratesample/count

ratebracketing-standards). A datum was deemed acceptable (data quality

score = 1) if it was below a count rate cutoff value. This cutoff value

was defined as the rate 5% higher than the upper 2 standard

deviation of the UWC-3 count rates measured for that session.

However, if the 12C� count rate exceeded the cutoff value, the datum

was excluded (data quality score = 3). It should also be noted that

outliers only occurred at high 12C� count rates – SIMS analyses of

foraminifers did not have 12C� count rates below the range of 12C�

count rates measured for the standard in each run.

TABLE A1 Culturing conditions of Orbulina universa specimens
used in this study. Measured SIMS δ13C values are reported in
Table S1. Measured GSMS δ13C values are reported in Table S2.

Light cycle ID (Spero Lab) GSMS ID (this study)

12 h:12 h low

light:dark

CH303, CH302 CS1, CS2

24 h low light CH60, CH61, CH62 CS4, CS5, CS6

12 h:12 h high

light:dark

CH114, CH122,

CH124

CS7, CS8, CS9

TABLE A2 Slope, y-intercept, and 95% confidence interval (CI) provided by iteratively reweighted least squares regression (i.e. robust

regression) analysis of GSMS δ13C values versus SIMS δ13C values for all experiments. The 95% CIs on all slopes include 1 so the Δ13CSIMS-GSMS

values shown in Table 2 were defined as the SIMS versus GSMS δ13C difference (assuming a slope of 1).

Sample Description Slope 95% CI y-Intercept 95% CI

Culture Hydrogen peroxide cleaned 0.9 0.6 to 1.3 0.3 �0.6 to 1.2

PC9 (0–3 cm) Untreated 1.2 0.9 to 1.5 0.3 �0.4 to 0.9

Hydrogen peroxide cleaned, sonicated 1.3 0.9 to 1.6 �0.2 �1.0 to 0.7

Vacuum roasted 0.6 0.3 to 1.0 1.2 0.1 to 2.3

TABLE A3 GSMS δ13C data for vacuum-roasted and unroasted
fragments of the same Orbulina universa shell (>355 μm size fraction).
Analytical precision is 0.08‰ (2 SD).

GSMS ID

Vacuum roasted δ13C
(‰, VPDB)

Unroasted δ13C
(‰, VPDB)

S1 2.70 2.72

S2 3.09 2.96

S4 4.10 3.84

S5 3.08 3.24

S6 1.69 1.78

S7 2.46 2.44

S8 2.34 2.34

S9 2.88 2.61

S10 3.42 3.59

S11 2.06 2.03

S12 2.62 2.46

S13 2.49 2.48

VPDB, Vienna Pee Dee Belemnite.

F IGURE A1 Map showing location and bathymetric setting of
study area from which piston core PC9 was retrieved (contour lines in
meters).
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The scores determined from pit appearance were used to assign a

final score to the analysis using the same scale from 1 to 3 and are

noted in Table S1. In cases where both pit appearance and data quality

were deemed acceptable (assigned a score of 1), the analysis was also

deemed acceptable (final score = 1). If either the pit appearance or data

quality were irregular (score = 3), the analysis was excluded (final

score = 3). Several analyses had questionable or irregular pit

appearances but acceptable data quality. For these analyses, the δ13C

values were evaluated relative to other measurements from the same

shell. If the δ13C value for the investigated datum was within the range

of SIMS δ13C values measured from the same shell, the point was given

a final score of 1. If the δ13C value was not within this range or no

other acceptable measurements were obtained on the same shell, the

datum was deemed questionable (final score = 2). Only data with a

final score of 1 (�71% of all SIMS δ13C measurements obtained for this

study) are plotted and discussed in the main text. Of the data that were

excluded (final score of 2 or 3), 83% were removed due to poor data

quality, �8% were removed due to anomalous SIMS pit appearance,

and �9% were removed due to both poor data quality and SIMS pit

appearance.

Although CH/C ratios are useful to detect secondary ions

produced by a non-carbonate portion of the foraminifer, the ratios

were not used for quality control purposes because they did not

correlate with the measured δ13C value. In the final dataset

(measurements with a final score of 1), the background-corrected

CH/C ratios of the O. universa chambers varied between 0.0015 and

0.030 and provide insight into the relative amounts of hydrogen-

bearing components (e.g. organics, water, and hydrated phases) within

the foraminifer calcite. These CH/C ratios are not calibrated by

standards and should not be regarded as quantitative.

F IGURE A2 SE SEM images of SIMS δ13C analysis pits for (A) UWC-3 standard, and shell analysis pits classified as (B) 1 (good), (C) 2
(questionable), and (D) 3 (irregular). Note the abnormal void/shape at the bottom of the pit in (C) and small cross-cutting cracks. The pit in
(D) includes epoxy. All scale bars are 5 μm.
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